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COLOR-TRANSPARENCY OF RAY-FILTERS IN USE AT 
YERKES OBSERVATORY 


By ERNEST C. BRYANT 


ABSTRACT 

S pectro-photometric transmission curves for two ray-filters in use at Yerkes Observa- 
tory, and for three colored glasses used in the Hess-Ives tint photometer are given for 400 to 
750 uu. The filters investigated are J 1, M 1, December 1907, Beta 7 and Beta 10; the 
glasses are a red, a green and a blue-violet. 

Lemon-Brace s pectro-photometer.—Suggestions as to the adjustment and calibration 
of this instrument, which was used in obtaining the foregoing curves, are given, and 
also measurements of the relative selective absorption of nicol prism and silver strip 
from 475 to 750 wun. 

Color-curve of the 40-inch objective at Yerkes Observatory is reproduced in Figure 5. 

The 4o-inch refractor at Yerkes Observatory, although designed 
only for visual observations, has been available for astronomical 
photography since 1900 by means of a method perfected by 
G. W. Ritchey and described by him in the Astrophysical Journal 
for December of that year. The method consists of the use of a 
ray-filter which absorbs those waves of short lengths for which the 
objective is uncorrected, combined with photographic plates which 
are especially sensitive to the yellow, a color which the ray-filter 
transmits freely, and which comes in the region for which the 
color-curve of the 40-inch objective is very nearly flat. 

The filters first used by Ritchey were made by Carbutt, of 
Philadelphia. R. J. Wallace came to Yerkes in 1906 and immedi- 


ately began fitting filters to the various. telescopes, especially to 
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give photo-visual results in connection with the isochromatic 
plates in use, mainly the Cramer Isochromatic and Trichromatic. 

After several trials the 8 X 1o filter marked “‘ Dec. ’07,”’ consist- 
ing of a colored gelatine film between two sheets of optical glass, 
was put into regular use in the parallax program and other work 
with the 4o-inch telescope. After some years the gelatine began 
to deteriorate at the edges of the film, and the filter was finally 
superseded by a similar one made by Mees, of the Eastman Research 
Laboratory. He planned to duplicate the former filter as closely 
as possible. Of the two which he made, that called ‘‘M 1” was 
put into use in the parallax work in May 1920. 

Wallace made similar filters for the 2-foot reflector and the 
6-inch ultra-violet camera. On the reflector, filter “Beta 7” 
3X3 inches in size, was used from July 1906 until it was acci- 
dentally broken in July 1917. On the camera, ‘Beta 10,” 45 
inches, has been in use from February 1907 till the present time. 
Both have been shown to give substantially correct photo-visual 
magnitudes when used with Cramer Isochromatic plates. By 
comparison with photographic magnitudes found with ordinary 
plates on the same instruments, color-indices are obtained and 
spectral types inferred (see Astrophysical Journal, 27, 169, April 
1908). 

After the accidental breaking of “Beta 7,”’ several others were 
tried, both Wallace and Eastman; but none was satisfactory. 
In 1917 Petitdidier furnished two tinted Jena glass filters, No. 
F 4351, one 3X3 inches which replaced ‘Beta 7”; and one 6X6 
inches. The former, called ‘‘J 1,” has been used on the reflector 
since 1917. 

Photographic determinations of the spectral intensity-curves 
for Seed 27 plates without ray-filter and for Cramer Trichromatic 
plates with ray-filter have been made, but no direct measurements 
of the color transmission of the filters themselves have previously 
been obtained. The loan of a Lemon-Brace Polarization Spectro- 
photometer from the Ryerson Physical Laboratory has enabled 
these determinations to be made this summer, and the following 
results have been obtained. This instrument has been described in 
this Journal, January 1900, September 1902, and April 1914, but a 
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brief statement of the method used by the author for adjusting 
and calibrating it may be helpful to those having their first experi- 
ence with the process. 

Referring to Figure 1, the instrument when in adjustment must 
fulfil the following conditions: (1) slits S,, S., and S,; must be at 
the principal foci of their respective objectives; (2) optical axes of 
collimators C, and C, and of the telescope 7 must be in the same 
plane, which must be perpendicular to the refracting edges of the 
Brace prism AE; (3) light from S,; must strike prism at B, making 
AB=1/4AE, at the angle of minimum deviation for the Fraunhofer 
lines D, emerging at F, making JF=1/47E; (4) light from S, 
similarly must strike the prism at D, making ED=1/4EA, at 
the angle of minimum deviation for the D lines. It must meet the 
division plane CJ at H, the same place where the light from S, 
meets it, and that part reflected by the silver strip on CJ must 
follow the same direction HF, FJ as the light from S,. In the 
instrument used, the Brace prism merely rested on its platform 
with nothing to locate its position on the platform or its orien- 
tation. 

After making adjustments (1) and (2), beams of sunlight were 
reflected into S, and S,, directed so as to emerge through the 
centers of their objectives. This latter condition was carefully 
maintained throughout the process. The prism was oriented for 
minimum deviation of D lines, the slits were opened and coin- 
cidence of emerging beams at F was tested by placing a piece of 
white paper against the face of the prism at that point. The 
prism was moved parallel to line S,B, retaining minimum devia- 
tion of D lines, until the beam from S, reflected at H emerged at 
F exactly between the beams from S, which passed above and 
below the silver strip at H. Coincidence in direction of emergent 
beams was tested by receiving them on the white paper held in 
front of the telescope objective and then beyond the eyepiece J. 
If not coincident in direction, collimator C, must be swung on its 
axis to obtain coincidence. This will require a repetition of the 
preceding adjustment. These two adjustments must be thus 
repeated until the three beams emerge at F in the same vertical 
line, enter the telescope and emerge at the eyepiece likewise in the 
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same vertical line. The final adjustment of C, is made by narrow- 
ing S, and S, and testing for coincidence of Fraunhofer lines. The 
lines given by light through S, should be exact continuations of the 
lines given by light through S,. For this test the ‘b”’ lines were 
found most favorable. If the slight motion of C, to secure this 
last step displaces the central emergent beam at F the prism must 
be moved enough to restore it and the last step repeated. When 
the adjustments are finally secured, collimator C, is clamped, and 
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Fic. 1.—Lemon-Brace spectro-photometer 


prism A EI is secured in its position. The instrument is then ready 
for calibration. The author did this by using the Fraunhofer lines 
of the solar spectrum, and determining the reading of the scale 
attached to the telescope when sighted on each of nineteen lines. 

After calibration, the instrument was set up as shown in 
Figure 1. ZL is a 50-watt, nitrogen-filled, electric lamp of white 
glass. It is inclosed in a box with openings as shown. /, and M, 
are mirrors adjustable about vertical and horizontal axes so as to 
reflect the light from Z along the optical axes of C; and C:. 
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In order that the illumination of the silver strip by M, might 
be brighter than that of the background by M, when the nicols 
were parallel, it was necessary to have L much nearer M, than 
M, and also to place a piece of ground glass, G, in position as shown. 
An improvement could be made by the use of a lamp of higher 
power with an adjustable rheostat. This would give better illu- 
mination at the ends of the spectrum and also enable one to 
reduce the brightness at the middle of the spectrum. With the 
present arrangement the ends are too faint for accurate measure- 
ment, while the middle is too bright for comfort. 

While making measurements, the room was darkened and the 
lamp, mirror, etc., were covered with black cloth. Slits S, and S, 
were opened to a width of } mm. Eyepiece J was removed, and 
slit S,; made as narrow as possible without producing diffraction 
fringes. The telescope was set at such a scale-reading as to bring 
light of the desired wave-length to S;. Without having the ray- 
filter in place, five settings of nicol N were made, balancing the 
illumination of the silver strip against its background. The 
average sin? of these readings gave the fractional part of the light 
of the chosen wave-length entering S, necessary to balance that 
entering S, The ray-filter was then put in front of S, and five 
other settings of N were made. The average sine’ of these readings 
gave the fractional part of the light entering S, now necessary to 
balance that transmitted by the ray-filter. The ratiobetween the two 
averages gave the fractional part of the incident light of the chosen 
wave-length which was transmitted by the ray-filter. By making 
the measurements in this way, the percentage of transmission at 
any particular wave-length could be obtained at any time with 
no necessity of taking any other measurements in the series. 

The current through the lamp Z sometimes dropped to 50 per 
cent, or less, of its normal value, when the motor raising the floor 
in the big dome was started, but no perceptible effect on the 
balancing of illuminations in the Brace prism was produced thereby. 

The five ray-filters already described were examined for their 
color-transmission and the percentages of transmission of the 
selected wave-lengths are given in the following table. The curves 
for filters ‘“‘Dec. ’07”’ and ‘“‘M 1” appear in Figure 2. It will be 
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seen how closely the filters “‘Dec. 07” and “‘M 1” correspond in 
their transmission to the flat part of the color-curve of the 40-inch 
objective shown in Figure 3, which is taken from the investigation 
published by Philip Fox in this Journal, 27, 237, May 1908. The 
fact that the filters transmit the longer wave-lengths for which 
the color-curve slopes upward is neutralized by the lack of sensi- 
tiveness of the photographic plates to those wave-lengths. The 
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FIG. 2 


combination of the three elements thus enables the great light- 
gathering power of the 4o-inch telescope to be employed photo- 
graphically with practically no troublesome effects due to chromatic 
aberration. 

The ray-filter possessing these transmission characteristics, 
combined with a plate having a maximum sensitiveness to the 
yellow, gives a combination whose position of maximum sensitive- 
ness corresponds to that of the retina of the human eye. This is 
one of the reasons why the determinations of stellar magnitudes 
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Fic. 3.—Color-curve of the 40-inch objective 
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made by Professor J. A. Parkhurst by his photographic method 
have such close correspondence to the visual magnitudes. 











TABLE I 
TRANSMISSION-PERCENTAGES OF RAY-FILTERS 

Wave-Length Jr Mr Beta 10 | Dec. ’o7 Beta 7 
Peach inmsela 87.1 79.4 82.0 64.8 72.2 
Se nee 85.5 89.2 73.9 81.8 79.3 
ae Pe 89.3 81.8 74.0 88.7 78.0 
650. 2.6 90.3 82.2 QI.0 87.1 
en 87.7 84.0 86.2 88.5 83.5 
eee 88.7 87.8 88.8 87.6 87.8 
RNG aleterns« ae Se 81.1 85.3 79.6 81.5 
ee 57.6 18.5 40.0 29.8 40.8 
Pre ore 7.9 2.0 BE Bowe wcadhes aan 
SEs Gckoaaeies 2.5 0.6 6.0 2.0 12.5 
Be ricci aiewu abeduenn sabes vem ees ores 3 2.3 4.9 




















The three colored glasses in use with a Hess-Ives Tint Photom- 
eter were also examined for their color-transparency. The re- 
sults appear in the following table and in Figure 4. 


TABLE II 


TRANSMISSION-PERCENTAGES OF COLORED GLASSES, HEss-IvEs 
Tint PHOTOMETER 

















Rep GLass GREEN GLAss BiveE-VIOLET GLASS 
pena Percentage ye Percentage he Percentage 

ee ° ee 0.0 ae 0.0 
ee 7 O80: ..'s 0:04 | 400...... 0.8 
Bien aces 57.7 BOD. +00 r% a 3.9 
70O...... 73.0 >. eer 6.0 ae 9.2 
oo, eae 73.7 Oe 15.9 ee 14.4 
ae 78.4 a 19.5 BRE sets 19.1 
Le 65.0 BIG. 50% % 10.5 ne 20.9 
ae 3-4 ae 0.8 ee 18.7 
MS ca ess 0.0 a 0.0 ee 0.0 




















It will be seen that the red glass has a maximum transmission 
of 78.7 per cent for light of wave-length 675 uu. Its average trans- 
mission in the region for which it transmits appreciably, i.e., 
between 766 wu and 589 wy is 51.5 per cent of the incident light. 
In the same way the maximum transmission for the green glass 
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is 19.5 per cent for light of wave-length 530 uy, and its average 
transmission for the region between 628 and 468 uy is 6.7 per cent. 
The blue-violet glass has a maximum transmission of 20.9 per cent 
for light of wave-length 435 uu, and an average transmission for 
the region between 495 up» and 415 up of 10.9 per cent. It is very 
noticeable how little overlapping there is in the light transmitted 
by either pair of adjacent glasses. 
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An interesting piece of incidental information is the relative 
selective absorption exerted by the nicol prisms and the silver strip. 
When the readings are taken with no ray-filter in front of S,, the 
angle through which the nicol NV must be rotated to produce a 
balancing of illuminations is not the same for all wave-lengths. 
At first it increases as wave-length decreases, remains practically 
uniform from \=600 wu to A=525 wu, and then decreases with the 
wave-length, showing that there is selective absorption correspond- 
ing in relative values to the sin? of the angle of rotation of the 
nicol. The table below is computed from the average values 
obtained in the measurements of filters “‘M1,” “Beta 10,” and 
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The measurements on ray-filters “Dec. ’07” and “Beta 7” 
were made after the instrument had been taken down, readjusted 


TABLE III 
Wave-length 750 700 650 600 550 525 500 485 475 i 
Sin? 0.246 .415 .563 .613 .610 .611 .575 .535 .513 


wn 


and calibrated, and therefore could not be included. Figure 
gives the curve corresponding to this table. 
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The author is greatly indebted to Professor J. A. Parkhurst for 
suggesting the investigation and for his kind assistance during its 
progress and in the preparation of this report. j 
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SYSTEMATIC CORRECTIONS TO SPECTROSCOPIC AND 
TRIGONOMETRIC PARALLAXES' 


By GUSTAF STROMBERG 
ABSTRACT 


Systematic corrections to reduce spectroscopic and trigonometric parallaxes to absolute 
parallaxes.—The fact that the systematic and accidental errors of spectroscopic 
parallaxes are proportional to the parallaxes themselves, while the errors in trigono- 
metric parallaxes are independent of the values of the parallaxes, makes it possible, 
theoretically at least, to determine from a comparison of the two systems the true 
systematic corrections for each system and even for each observer. The basis of 

’ grouping the stars must be independent of each system and therefore Kapteyn’s mean 
parallaxes, derived from apparent magnitudes and proper motions, were used. The 
factorial correction (x) for the spectroscopic parallaxes and the additive correction (s) 
for the trigonometric parallaxes, connected by the fundamental equation x7,=2,+s, 
were thus determined. For dwarfs x ranges from 0.97 to 1.07 for different spectral 

. types; for giants the range is from 0.89 to 1.13, the extreme values being rather 
uncertain. The corresponding systematic correction to absolute magnitudes averages 
only about o.1 for dwarfs, but may be somewhat larger for the giants. For 
the separate observatories, McCormick, Allegheny, Yerkes, and Mount Wilson, the 
reductions from relative to absolute parallaxes come out, respectively, +070053, 
+070076, +070084 and—o’ooro within about ==07002. These values agree well with 
those obtained by van Maanenand Miss Wolfe. Hence the list of 1646 spectroscopic 
parallaxes recently published from Mount Wilson probably gives the absolute paral- 
laxes without any appreciable systematic error. 


The large number of spectroscopic parallaxes now available 

1 enables us to determine fairly accurate values of the systematic 
corrections for both spectroscopic and trigonometric parallaxes. 

In the derivation of the reduction tables for converting line intensi- 

P ties into absolute magnitudes used in the recent list of 1646 paral- 
laxes? no corrections were applied to the trigonometric parallaxes, | 

but it was found that if the corrections deduced by van Maanen 

and Miss Wolfe’ had been used, the effect due to these corrections 

would have been less than 0.1 magnitude. The method used by 

van Maanen and Miss Wolfe consisted in comparing the means of 

the trigonometric parallaxes found by different observers for groups 

‘ of stars of nearly the same mean apparent magnitude and mean 
proper motion. ‘Their corrections represent the deviations of the 


* Contributions from the Mount Wilson Observatory, No. 220. 


‘ 2 Mt. Wilson Contr., No. 199; Astrophysical Journal, 53, 1, 1921. 
3 Mt. Wilson Contr., No. 189. 
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results by individual observers from the mean system defined by 
all the trigonometric parallaxes. Since the systematic errors of 
individual observers must compensate each other to a large extent 
in the mean system, the corrections of van Maanen and Miss Wolfe 
are presumably close approximations to the true systematic errors. 

Other determinations of systematic corrections of trigonometric 
parallaxes have been made by Flint’ and B. Boss,? the former 
reducing his corrections to a system based upon the Yale parallaxes, 
the latter comparing the spectroscopic parallaxes published in 
Mt. Wilson Contribution, No. 142 (Astrophysical Journal, 46, 313, 
1917) with the different series of trigonometric parallaxes. 

The comparison of spectroscopic and trigonometric parallaxes 
enables us, theoretically at least, to determine the true systematic 
corrections for each observer and for the spectroscopic system as 
well. This depends upon the fact that the systematic and acci- 
dental errors of the spectroscopic parallaxes are proportional to the 
parallaxes themselves, while the errors in the trigonometric paral- 
laxes are independent of the size of the parallax. Hence, for 
any series of trigonometric parallaxes, when compared with the 
spectroscopic system, we have, as shown more in detail below, an 
equation of the form 

xXT,=T1;+5, 

from which the systematic correction s, and the correction factor x 
for the spectroscopic parallaxes, can be determined. ‘The success- 
ful use of the equation of course presupposes a considerable range 
in the values of the parallaxes compared. Another important 
advantage of the method is that any error in the assumed values of 
the mean parallax of the comparison stars used for the reduction 
of the relative trigonometric parallaxes to absolute values goes 
over into s and is determined as a part of the systematic correction. 
In principle, therefore, the comparison permits us to establish an 
absolute system of parallaxes. 

The principal object of this investigation being to determine sys- 
tematic corrections of the spectroscopic parallaxes as a whole, taking 
into account the possibility of constant corrections to the trigono- 


t Astronomical Journal, 29, 189 (No. 696), 1916. 
2 Tbid., 33, 17 (No. 771), 1920. 
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metric parallaxes, only the larger lists of trigonometric parallaxes, 
viz., those derived at the McCormick, Allegheny, Yerkes, Mount 
Wilson, Sproul, and Yale observatories, have been discussed. 
The following notation has been used: 
M = Absolute magnitude as published in Mt. Wilson Contribution, 
No. 199. 
AM =Systematic correction to M to obtain the most probable 
absolute magnitude. 
T = Accidental error of M+AM. 
a = True parallax. 
7, = Spectroscopic parallax based on the absolute magnitude M. 
7) = Trigonometric parallax. 
s =Systematic correction to 7, 
e= Accidental error of 7+. 
We have then (cf. Mt. Wilson Contribution, No. 199, p. 4) 


m= 10° 24M +N. =7y+ste 
or OTT; =Tot+sSte (z) 
where o = 10° 24M gue. 


Expanding 7 in a power series, 


T=I1I+E+3F=A+E 
' _0.2T 


~ Mod (2) 
A=1+}F 
Thus 
oAn,—sS—m,=e—Eon, (3) 


As the right-hand side of this equation must be assumed equal 
to zero, we cannot group the stars according to the size of 7, or 7. 
If we group the stars according to values of 7, the quantity E could 
be assumed zero,’ but € would show a continuous decrease from 
positive to negative values as 7, increases. The same holds for E 
if we group the stars according to 7,, and furthermore the weight 
of the unknown quantity o would be systematically affected by 
the accidental errors in 7, These circumstances correspond to 


« A bar above a symbol denotes throughout this paper an algebraic mean. 
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the difference in slope of the two regression lines in the correlation 
theory. A neutral basis of grouping according to the size of the 
parallaxes must therefore be used, i.e., one for which we can 
assume the errors in the parallaxes to be independent of the 
errors in the measured quantities M and z,. Such an indepen- 
dent basis of grouping is afforded by Kapteyn’s mean parallaxes, 
which are a function of apparent magnitude and proper motion. 
For each star the mean parallax was therefore computed from 
Kapteyn’s formula in Groningen Publication, No. 8, and groups of 
stars were then formed having mean parallaxes within certain 
limits. ‘The mean spectroscopic and trigonometric parallax was 
then found for each group. Each of these groups then furnished 
an equation of condition. 

From equation (3) we find 

oAnr,—s—m,=€—oEn,. 

For a neutral basis of grouping we have e=o and E=o. The 
second term on the right-hand side, however, is not quite zero, as 
E is to some extent dependent on z, and thus Ez, is not exactly 
equal to Ezy. 

To reduce the right-hand side of the equation of condition to 
zero, we multiply equation (1) by 

'=1-E+1B:=A-E 
™ 
and find 
on,=A(mo+ste)—E(ao+ste). 
Thus 


o E E 
—g—g.mgl gs — 1 — s). 
4" S—T%o e(1 a) iso 


For a neutral basis of grouping, we have, including terms of 
second order of £, 


° r;—S—T=€(1—E) —E(m+5) =o. 
The equations of condition thus become 
X49, —S—T) =O 
= I N ( ) 
Weight =— = - 4 


2 2 2 7  ¥ 
etEn et+Er 
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Oo. ° . . 
where “a is the quantity by which the spectroscopic parallaxes 


must be multiplied in order to obtain the best agreement with 2,+s. 
N is the number of stars in the group. 

Assuming only that the quantities x and s are constant for a 
certain group of stars, we can determine them separately without 
introducing any limitation as to their size. The value of s found 
in this way is the systematic correction which reduces 7, to absolute 
parallax. 

We have assumed that the external accidental probable error 
in the trigonometric parallaxes determined at the McCormick, 
Allegheny, Yerkes, and Mount Wilson observatories is +o7oro. 
The probable errors of the spectroscopic parallaxes have been 
assumed to be 0.20 7,. The weights of the equations of condition 
are therefore proportional to N/(0.09%+0.000225) where for 7 
we have used 3(7,+7,), x being nearly equal to unity. 

The following provisional reductions to absolute parallaxes 
were applied before the computations were made: For McCormick, 
Allegheny, and Yerkes observatories, +0”’005; for Mount Wilson, 
+0%002; for Sproul and Yale the reductions were computed from 
the table given by Kapteyn in Groningen Publications, No. 24, 
page 15. The Sproul and Yale parallaxes were given half- 
weight. 

The value of « was determined separately for giant and dwarf 
stars of different spectral types. For the first solution the system- 
atic correction s was determined for each of the above-mentioned 
groups of trigonometric parallaxes. The results are given in 
Table I. The first column indicates the limits of spectral type, 
the second the division according to absolute magnitude. The 
probable errors for x and s are below the numbers to which they 
belong. The numbers of stars used are given in parentheses. 
The last line shows the weighted means of s for all types and abso- 
lute magnitudes. 

Using these mean systematic corrections to the trigonometric 
parallaxes and recomputing the correction factor of the spectro- 
scopic parallaxes, we find the values of x and AM,, given in Table II. 
The quantity AM, is the correction that must be applied to M in 





| 
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TABLE II 


CORRECTION FACTORS FOR SPECTROSCOPIC PARALLAXES 

















Spectrum | M x AM: 
AG te Po. ...5... | 1.0t0 5.5 1.059.012 +0.12+0.02 
Go to Gg........ $3.0 1.121.040 | +0.25+0.08 
Go to Gg........ 23.1 ©.999 = .029 0.00+0.06 
Ko to Kg........ S4.0 I.001+ .059 ©.00+0.13 
Bo to Bo. .......! 24.1 0.960 .o1g9 —0.09+0.04 
FO 00 99. ...+.+. So.o 0.149 .103 +0.30+0.20 
Mato Md....... <3.0 0.892.081 —0.25+0.20 
Mato Md.......| >7:0 | 1.089 = .086 +0.18+0.17 





order to obtain the most probable parallax and is determined by 


the equation 7 
AM,.=5 log x=AM—s log A. 


Another solution was made, using all the spectral types, A6 to 
Md, and solving all the equations as a simultaneous set of condi- 
tions, assuming the correction s to be constant for each observer. 
The results of this solution are given in Table III. 


TABLE III 


SIMULTANEOUS SOLUTION FOR ALL TYPES 




















s Ss 
McCormick.......| —o%0015+0%0018 |! Mount Wilson. .... —0"%0038+0"0014 
Allegheny......... | + .coro+ .oors || Sproul............ | — .0085+ .0025 
THES 6x oskoens + .corg*. .co2r || Yale.............. | + .0004 .0021 
Spectrum M x AM; 

PS inked siacuacieanens 1.0 t05.5 I.015+.040 | +0.03+0.08 

Pacts ae ete ene arg aimadatars 33.0 1.037+.078 | +0.08+ .16 
Wid wid pov. eat nies a ea ee ee =3.% 0.969.033. | —0.07+ .07 
yak ae otsk ie en ere eee Ne S4.0 0.922.074 | —o.18+ .17 
ons oes Saha cnlc pleancie cata enaccea ocd pane 24.1 0.940.029 | —0.14 .07 
BRS isa ac ok pee aman es So.o 0.962 . 247 —0.08+ .57 
Mn ind ners eiceaneemane ena 3.0 0.750.154 —0.63+ .45 
__ Sern ee ee enna ene ie >7.0 1.082 .045 | +0.17+ .09 





From van Maanen’s investigation we know, however, that the 
Sproul and Yale parallaxes have a considerable magnitude correc- 
tion. Such an error would affect appreciably the determination 
of the factor x, and for this reason a final solution was made, 
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omitting the Sproul and Yale parallaxes. The results of this 
solution, which are given in Table IV, are probably the most 
trustworthy. They are in good agreement with those found by 
van Maanen and Miss Wolfe, which, reduced to the same system of 
corrections for reduction to absolute parallaxes as used here, are 
given in the last column of Table IV. 


TABLE IV 


SIMULTANEOUS SOLUTION (SPROUL AND YALE OMITTED) 























s s (van Maanen) 
Se +0%0003 +0"0021 —o%0016 
i + .0026+ .0017 + .0027 
| reece + .0034+ .0022 + .0036 
Mount Wilson............ — .0030+ .0014 — .0020 

Spectrum M x AM; 

ee 1.0t0 5.5 1.041 = .045 +0.09+0.09 
ere $3.0 1.135.092 +o0.27+ .18 
EN kia seta asek 23.3 0.987 .037 —0.03+ .08 
_ re $4.0 1.012 .086 +o0.03+ .18 
Ie eer 24.1 0.972.034 —0.06+ .08 
rere So.o I.090+ .254 +o.19+ .52 
_ ore <3.0 0.888.167 —0.26+ .41 
en OE >7.0 1.068+ .052 +0.14+ .II 





Using the systematic corrections resulting from this final 
solution, we find the following reductions from relative to absolute 
parallax. 


McCormick +0?70053+0”0021 Yerkes +0”0084 + 0”0022 
Allegheny -+02%0076+070017 Mount Wilson —o’o0010+0!%0014 


The systematic corrections to the absolute magnitudes are in 
general very small except in the case of the giant G and M stars 
and the very brightest F stars, most of which are Cepheids or 
pseudo-Cepheids. For these stars, however, the probable errors 
are rather large on account of the smallness of the parallaxes. In 
the previous derivation of the reduction tables for the determination 
of absolute magnitudes it was found that in the case of the giant G 
stars the results from trigonometric parallaxes and parallactic 
motion differed considerably. The determination of the mean 
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absolute magnitudes based on parallactic motion would make 
these stars considerably brighter than the results from the trigo- 
nometric parallaxes indicate. A weighted mean was accordingly 
used. The discordance is now nearly eliminated by the application 
of the systematic corrections to the trigonometric parallaxes. 
The same holds for the brightest F stars, for which originally the 
measured parallaxes were not used at all, the result from parallactic 
motion having much higher weight. For the giant M stars the 
original determination was based mainly on the peculiar motion, 
and the present results seem to indicate that for these stars as 
a whole the system is nearly correct. 

As the final result of this investigation, we may say that the 
system of spectroscopic parallaxes in Mt. Wilson Contribution, 
No. 199, as a whole, is correct within the errors of the quantities 
involved, and that there is no need at present to apply correc- 
tions to the system. The systematic corrections to the trigono- 
metric parallaxes determined at the McCormick, Allegheny, 
Yerkes, and Mount Wilson observatories have been found to 
agree satisfactorily with those of van Maanen and Miss Wolfe, 
and, as the method used here gives absolute corrections, it can 
be regarded as probable that after these corrections have been 
applied there remain no appreciable outstanding constant errors in 
the resulting absolute parallaxes. 


Mount WILSON OBSERVATORY 
September 1921 








NEW MEASUREMENTS OF STELLAR RADIATION 
By W. W. COBLENTZ 


ABSTRACT 


Relative total radiation of 27 bright stars, down to magnitude 3.8.—New measure- 
ments which were recently made with the 4o-inch reflector of the Lowell Observatory 
at Flagstaff, using a vacuum thermo-couple, are given in a table. These confirm the 
result obtained at Mount Hamilton in 1914 that the total radiation from red stars 
is 2. 5-3 times as much as that from blue stars of the same visual magnitude. 

Distribution of energy in the spectra of some bright stars was determined by the use 
of a series of filters which isolated various spectral regions. In this preliminary note 
merely the general result is reported that the maximum emission lies in the infra-red 
(0. 7-0.9 u) for stars of types K and M, and in the ultra-violet for stars of types B and 

The corresponding black body temperatures vary from 3000° C., for the red M 
stars to gooo® or 10,000° C., for the blue B stars. The percentage transmission through 
t cm of water is given for 22 stars and varies from 81 for B stars to 40 for M stars. 


In a previous paper’ data were given on a comparison of stellar 
radiometers and radiometric measurements of stars as observed 
at an altitude of about 4000 feet at Mount Hamilton, California, 
with the Crossley 36-inch reflector of the Lick Observatory. 
Quantitative measurements were made of stars down to magni- 
tude 5.3 and qualitative measurements to magnitude 6.7. It was 
pa that red stars emit from 2.5 to 3 times as much /ofal radiation 
as blue stars of the same visual sania. 

These observations were verified by an independent method 
which consisted in measuring the transmission of stellar radiation 
through a 1-cm cell of water, having quartz windows. By this 
means it was shown that, of the /o/al radiation emitted, blue stars 
have about two times as much visible radiation as yellow stars, and 
about three times as much gisible radiation as red stars. 

At various times during the past seven years attention was 
given to the improvement of the stellar radiometers,? galvanom- 
eters,etc. The various subsidiary data will be published in a com- 
plete paper dealing with the whole subject. 

The object of this paper is to give a preliminary survey of the 
results of new stellar radiometric measurements, made at a much 

* Coblentz, Bulletin of the Bureau of Standards, 11, 613, 1914. 


2 Bulletin of the Bureau of Standards, 13, 423, 1916; 14, 532, 1918; 16, 253, 1920; 
Journal of the Washington Academy of Sciences, 6, 473, 1916. 
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higher altitude, 7300 feet, at Flagstaff, Arizona, with the 40-inch 
reflector of the Lowell Observatory. This was made possible 
through the generosity of Drs. V. M. Slipher and C. O. Lampland. 
Not only was an otherwise busy program interrupted, but further- 
more, Dr. Lampland personally operated the telescope, thus 
insuring speed and efficiency in accomplishing results. It is a 
pleasure to record here my grateful acknowledgments for the 
many courtesies accorded by various members of the staff of the 
Lowell Observatory. 

The object of the present investigation was (1) to verify previous 
results; (2) to measure the intensities of radiation of bright stars 
in the region of o hours to 12 hours in right ascension, not previously 
measured; and (3) to determine the feasibility of the method of 
obtaining the distribution of spectral energy of stars by means of 
transmission screens which, either singly or in combination, are 
placed in front of the vacuum thermo-couple. By means of these 
thermo-couples, measurements were made on the intensities of 
radiation of thirteen bright stars not observed in 1914, thus complet- 
ing the survey of the whole sky. A total of thirty celestial objects 
was measured, including Venus and Mars. 

By means of a series of transmission screens (of yellow and 
red glass, of water, and of a thick plate of quartz) wide spectral 
regions were isolated and the intensities of radiation in the spectrum 
from 0.3 uw to 0.43 w; 0.43 uto0.6 yu; o.6utor.4u; 1.4uto4y; and 
4 uw to 10 w were determined. In this manner the distribution of 
energy in the spectra of sixteen stars was determined, and thus was 
obtained for the first time an insight into the intensities of radia- 
tion in the complete spectrum of a star. 

By means of this device it was found that in the stars of types 
B and A the maximum intensity of radiation lies in the ultra-violet 
(0.3 ¢ to 0.4m) while in the cooler stars of types K and M the 
maximum emission lies at 0.7 4 too. gin the infra-red. From this 
it appears that the black-body temperature (i.e., the temperature 
which a black body would have to attain in order to emit a similar 
distribution of relative spectral energy) varies from 3000°C. for 
red M stars to gooo” or 10,000°C. for blue B stars. 
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The observing station being much higher than previously used, 
the atmospheric scattering of light was greatly reduced and con- 
sequently the transmissions in the violet are somewhat higher 
than previously observed when the water-cell was interposed. 


TABLE I 


TRANSMISSION OF STELLAR RADIATION THROUGH A 1-CM LAYER OF WATER 














Deflection 
; for a Gal- ici 
Magnitude} vanometer echeell mena 
Star Harvard | Sensitivity ry 3 Tr : Remarks 
Revision of ype a 
i=1X10-% mission 
Amperes 
@ Orionis (Nebula)|........ +o.02cm]...... ee 
« Gtionis........] 2.78 0.66 B 81 
y Orionis........ 1.70 0.64 B2 82 
@ MOONS... 5.045. 1.30 0.77 i eee 
eae 1.78 o.78 | B8 70 
B Canis Minoris..} 3.09 0.38 ee Sea 
B Orionis........ 0.34 2.89 B8p 63* | Rigel, spectroscopic binary 
B Lyme. ........ Var. ©. 26 ae ee 
{ 
a Geminorum.... ay 0.78 A 82 Castor 
~-+ 3 
@ ESR. nc csescs] O14 3.60 A 75 Vega 
y Geminorum....] 1.93 0.71 M. fevsase 
a Canis Majoris. . ee] 10.62 A 65* | Sirius, binary 
oO. 
© CUM. 6 css 1.4 1.34 A2 76 Deneb 
a Aquilae........ 0.9 1.88 A5 71 Altair 
ee 1.90 0.75 F5 74 
— were f 0.48 ) . 
a Canis Minoris. . 13.5 2.67 Fs5 64* | Procyon, binary 
a Aurigae........ 0.21 4.91 G 57 Capella 
e Geminorum....}| 3.18 0.58 G5 66 
8 Geminorum....| 1.21 2.19 K 58 Pollux 
ee 0.2 8.10 K 47 Arcturus 
. 2 i . 
 Leonis......... | “ J 0.99 aap eee 
ee 1.06 6.03 K5 2 | Aldebaran 
A Aquari........ 3.84 0.75 Ma 47 
w Geminorum....} 3.109 2.11 Ma 41 
8B Andromedae....} 2.37 2.45 Ma 4! 
a Orionis........ 0.92 15.00 Ma 34 Betelgeuse 
© SCOIME. ence] 2.22 8.82 Map | 33* | Antares, spectroscopic binary 
ee 2.61 2.96cm} Mb 38 




















However, all the data verify previous measurements showing that 
blue stars emit less infra-red radiation than do red stars of the 
same visual magnitude. Moreover, observations made on the 
same night (same weather conditions) are consistent in showing 
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small gradations in the infra-red component of the radiation, 
corresponding with the small gradations (say B2 and B8) in 
spectral types. 

For binary stars having companions of low luminosity, trans- 
missions of the water-cell are low, indicating that the companion 
stars emit considerable infra-red radiation. See Table I. 

It was found that even in red stars the component of spectral 
radiation of wave-lengths greater than 4 wis only from 1 to perhaps 
ro per cent of the total. From this it would appear that in future 
work it may be permissible to use vacuum thermo-couples with 
thin quartz windows instead of fluorite, thus saving expense and 
possible leakage by constructing the container of quartz. 


WASHINGTON, D.C, 
October 24, 1921 











SOLAR CONSTANT, SUN-SPOTS, AND SOLAR 
ACTIVITY 
By ANDERS ANGSTROM 
ABSTRACT 

Variation of solar constant with number of sun-s pots —A study of 205 observations 
for 1915-1917 furnished by C. G. Abbot suggests that the solar constant S does not 
increase regularly with any power of the sun-spot number N, but rather reaches a 
maximum value for N between 100 and 160, approximated in accordance with the 
formula S=1.903+0.011V N—o.0006N. The number of observations for high value 
of N is, however, too small to be decisive. 

A comparison of the values of the solar constant computed by 
Abbot and his collaborators with the sun-spot numbers given by 
Wolfer shows, if mean values for the separate years are considered, 
a close connection between the two phenomena. ‘Thus a high sun- 
spot number seems to correspond to a high value of the solar 
constant and vice versa. The relation is apparently not a linear 
one; and inquiring into the exponent which applied to the sun-spot 
numbers gives the highest correlation between the two phenomena, 
I have found this exponent to be very nearly equal to 3." 

If we consider only yearly mean values, the solar constant 
S seems then to be given with good approximation by the relation: 


S=1.903+0.0055 VN, (1) 


where JN is the number of sun-spots according to Wolf-Wolfer. 
The mean difference between observed and computed values 
during the epoch 1905-1917 is less than 0.01, ie., less than 0.5 
per cent of the value of the solar constant itself, as may be seen 
from Table I. 

As the question regarding the probable connection between 
solar constants and sun-spot numbers is an important one for the 
solution of many problems connected with the climate of past 
epochs and with the constitution of the sun, it seems worth while 
to enter a little more closely into the question. 


* Geografiska Annaler, H. 1, 1920. 
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For the low values of V which are obtained by taking averages 
during a considerable time the relation (1) seems to hold with 
good approximation. But is this true also for a wider range of 
values of NV? If we consider the values of S and N corresponding 
to individual days, what will be the relation between them ? 

In order to answer these questions, I have divided the values 
of the solar constant during the years 1915-1917, kindly put at my 
disposal by Dr. Abbot, in groups according to the corresponding 
sun-spot numbers, as is seen from Table II. The years named 
are selected from the point of view that the sun-spot numbers 
have varied during that time over a _ considerable range 
(o<.N< 256), and also because the variation in the yearly mean 
values is small, and consequently should not have introduced 
any complications. The values of the solar constant corresponding 
to the various groups of sun-spot frequencies are given in Table II 
together with the numbers of values of which they represent the 
means. On the basis of this table, Figure 1 has been drawn, 
where the values of the solar constant are plotted against sun-spot 
numbers. 

The table and figure seem now to suggest the following con- 
clusions. With increasing sun-spot numbers, the solar constant 
first increases in order to reach a maximum, which seems to cor- 
respond to a sun-spot number of between 100 and 160 (maximum 
difficult to locate exactly); thereafter, the solar constant decreases 
with an increase in sun-spot numbers. ‘The relation between solar 
constant and sun-spot numbers is apparently governed by two 
separate phenomena. The one causes an increase of the solar 
constant with increasing sun-spot numbers, and this effect pre- 
dominates for the small values of NV; the other effect goes in the 
opposite direction, and predominates for large values of N. Let 
us start from the assumption that the relation between solar 
constant and sun-spots for small values of N may be given by the 
expression 


S=1.903+kVN, (2) 


obtained in its general features by the study of the yearly mean 
values. We may assume the other effect, which evidently must 
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depend upon a function of higher order of NV than N?, to be of the 
form N*, where a is to be determined from the observations. The 
expression for the relation then takes the form: 


S=1.903+kV N—cN*. (3) 


A comparison with the tabulated values gives us the following 
approximate values for the constants: 


k=o.011, C=0.0006, a=1 (approx.). 


The smooth curve of Figure 1 is computed from (3) on the basis 
of these values of a, k, and c. 
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Sun-spot numbers 


Fic. 1.—Solar constant and sun-spot numbers 


It is clear that too much weight ought not to be attached to a 
result based upon a number of observations which, especially for 
large values of N, is very limited. In fact, the decrease of the 
solar constant with increasing VN after a maximum value is reached 
is based upon ten observations, of which, according to Abbot, 
four are excellent (e), two very good (vg), three good (g), and one 
poor (p). It is to be noted, however, that the value marked (/) 
is the highest one of them all, namely 1.971, and consequently it 
has raised and not lowered the mean value. But, on the other 
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hand, the result seems to me to be in remarkable agreement with 
consequences to be expected from the nature and constitution of 
sun-spots. ‘The sun-spots themselves are dark relative to the sur- 
rounding parts of the sun’s disk. The decrease in brightness varies 
between wide limits, but according to E. Liais' and M. Gouy and 
L. Thollon,? the larger sun-spots generally have a brightness less 
than 20 per cent of the normal. The percentage of heat radiation 
is somewhat larger. S. P. Langley® gives it as about one-half 
of the normal for the photosphere. It is evident that the spot- 
covered area itself cannot contribute to the increase in the solar 
constant. The observations of individual sun-spots show, how- 
ever, that the dark area of the spot generally is surrounded by an 
outer region, where the brightness for a number of special lines is 
more intense than the normal for the surface. At this area the 
protuberances and flocculi are especially strongly developed, sur- 
rounding the inner and darker part by a kind of luminous corona 
of more or less symmetric form. If we assume the point of view 
expressed by Abbot, Fowle, and Aldrich, namely, that the increase 
in the solar constant is caused mainly by an increase in the vertical 
convection through which hot material is carried to the surface of 
the sun, we must conclude that the seat of this ‘intensified’ 
radiation must be located especially at peripheric rings round the 
sun-spots. It seems very natural, then, that the areas of these 
rings must increase less rapidly than the area of the sun-spots, 
viz., the Wolf-Wolfer sun-spot numbers. On the other hand, it 
seems as natural that the simultaneous decrease of the solar con- 
stant is proportional to the spot area, which as we know represents 
dark regions of the sun’s surface for luminous as well as dark heat 
radiation. ‘The measured area of the sun-spots is, it is true, scarcely 
more than a few thousandths of the sun’s disk. But to this area 
we must probably add a great part of smaller spots of granular 
structure which never are counted as real sun-spots, but the area 
of which increases and decreases with the sun-spot number itself. 

The data available at present are too few to give a very defi- 
nite idea of the form of the relation between solar constant and 

* Mémoires de la Société des Sciences de Cherbourg, 12, 1866. 


2 Comptes Rendus, 95, 1834-1836, 1882. 3 Monthly Notices, 37, 5, 1876. 
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sun-spot number. It is with all probability a function depend- 
ent not only on the area of sun-spots, but also on their number, 
intensity, and constitution in general. So much seems clear, how- 
ever, from the previous discussion, that this function is not a linear 
one; the opinion that an increase of sun-spots is also accompanied by 
an increase in the solar constant must be subjected to a revision. In 
all probability the solar constant passes through a maximum with 
increasing sun-spot area, after which a continuous decrease of the 
solar constant takes place when the area increases. 

From our material at present it therefore does not seem per- 
missible to assume that very high values of the solar constant in 
the past have accompanied a very high value of the frequency of 
sun-spots, but, on the contrary, that the solar constant at certain 
epochs possibly may have had a very low value on account of a great 
frequency of sun-spots. If we dared to extrapolate the function 
given above to represent the conditions at very high sun-spot 
frequencies, we should find that a sun-spot number of 1,000 cor- 
responds to as low a solar constant as about 1.66, or a decrease 
from the normal by about 15 per cent. As such high sun-spot 
frequencies have not yet occurred, so far as we have observed, we 
then enter into the region of hypotheses. 

Further determinations of the solar constant, especially at the 
times of maxima of sun-spots, will be of great interest in throwing 
more light upon the questions raised above. The foregoing discus- 
sion seems to the author to form an additional support for the 
opinion that the variations of the solar constant, observed by 
Abbot and his collaborators, are real and the sun consequently 
is a variable star. 

Recently doubts as to the reality of the variations of the solar 
constant have been raised by G. Granqvist on account of a correla- 
tion found to exist between the values of the solar constant and 
the values of the atmospheric transmiss‘on’. In a recently pub- 
lished paper? I consider that I have shown: (1) that in the case 
of Abbot’s values the correlation pointed out by Mr. Granqvist 


t Kosmos, Stockholm, 1921. 


2“Ar solens stralning variabel?”’ Tidskrift for elementir matematik fysik och 
kemi. Alb. Bonnier, Stockholm, 1921. 
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practically disappears, if one accounts for the probable variation 
of the solar constant itself during the time of observations; and 
(2) that the connection between solar constant and transmission 
in the case of the observations of Mr. Granqvist probably is caused 
by variations in the atmospheric transmission during the time of 
observations, i.e., too high a value of the solar constant is obtained 
when, in view of the increasing transmission, too low a value is 
computed for the transmission, and vice versa. 


TABLE I 



































SoLtar Constant (S) wana 
YEARS a # eos } 0.—C. 
Observed Computed (Wolfer) | 
UES cic suey ee enabiee eke aes 1.956 1.946 63 +0.010 
See errr ee eee 1.942 1.945 58 —0.003 
NOE aes yc ot piel ie aie ee SO 1.930 1.944 55 —0.008 
ei eis ane i icle eae 1.918 1.940 40 —0.022 
I io cei ours oo ees I.Q21 1.928 21 —0.007 
EE Og ee Tey ao 1.921 1.922 3 —0.00I1 
WI ices tows Sooes acinar ase 1.904 1.909 I —0.005 
WU oo nese cols eran bcd ee 1.950 1.919 9 +0.037 
WN aes Sis Gis aie wee a setae 1.952 1.946 62 +0.006 
IG ns ois ratte a oreo ak pastes 1.946 1.942 5° +0.004 
ee eee ree ee I.g6o0 1.961 113 —0O.OoI 
Pe I io so Noe cnn cn nantes soekonatels sine csanshe ©.009 
TABLE II 
oe ‘oe SS . an 

' (S) (n) 

ee eer 1.933 5 

Ps oes st sinncons 1.946 12 

| rer 1.945 17 

DPM sigs pro ane 1.942 17 

sis ik rie ce ote 1.949 35 

ei ECO 1.953 33 

DUI eine ke ecoreceinn 1.955 7 

Sg | eee eee 1.950 23 

a a 1.951 II 

Se ic ahha oom 1.959 10 

gg. ere 1.960 5 

SOO BON si 6s tee ceen' 1.938 2 

| 1.933 3 

DIGI Gas ke sens ene 1.935 5 
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THE ORBITS OF THE SPECTROSCOPIC BINARIES 
1 HYDRAE AND 75 CANCRI? 
By R. F. SANFORD 
ABSTRACT 

Orbits of the spectroscopic binaries, Boss 2227 =1 Hydrae and Boss 2447 =75 Cancri. 
—These stars are of classes Fr and G2 and ot visual magnitudes 5.7 and 6.0, respec- 
tively. Twenty-seven spectrograms of each give for the periods, 1.563 and 19.46 
days; for ¢, 0.05 and 0.206; for K, 30.3 and 20.2 km/ sec.; and for y, +71.3 and 
+12.3 km/sec., respectively. Attention is called to the large y for Boss 2227, and 
to the fact that Boss 2447 is a dwarf star. Radial velocity-curves are shown. 

A previous paper? discusses the orbits of seven spectroscopic 
binaries; the present note gives the orbits of two additional binaries. 
The general remarks which precede the discussions of individual 
stars in the first paper are equally applicable here and need not 
be repeated. 

The data in Table I, except for the last column which gives 
the number of revolutions of the star in its orbit between the first 
and last observations, are taken from the list of spectroscopic 





TABLE I 


Vis. 














Tr. Vis ; r Spectral No. 
Name Mag — © (1900) Class a _ ™sp. Rev. 
Boss 2227-1 Hydrae 5.7 | 8h19™ |— 3°26’| Fri 3.6 | 07216 0%038 340 


Boss 2447-75 Cancri 6.0|9 2.9 |+27 3 G2 +4.1 0.404) 0.042 59 





parallaxes of 1646 stars.’ Figures 1 and 2 show the radial velocity- 
curves. In the following pages the derivation of the orbits of 
these two spectroscopic binaries is discussed. 
BOSS 2227 

Measures of the first two spectrograms of this star by Professor 
H. C. Wilson showed that its radial velocity is variable. Accord- 
ingly observations were started immediately for the determination 

* Contributions from the Mount Wilson Observatory, No. 221. 


2 Mt. Wilson Contr., No. 201; Astrophysical Journal, 53, 201, 1921. 


3 Mt. Wilson Contr., No. 199; Astrophysical Journal, 53, 13, 1921. 
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of the elements of its orbit. Twenty-seven suitable spectrograms 
are listed in Table II. The derivation of the correct period pre- 
sented some difficulty at first because of its shortness. Finally, 


m/sec. 














—0.2 0.0 0.2 0.4 0.6 °.8 1.0 z.3 1.4 days 
Fic, 1.—Radial velocity-curve for Boss 2227 
km/sec. 
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Fic. 2.—Radial velocity-curve for Boss 2447 


all observations were gathered into one period in a satisfactory 
manner when P=1.562975 days was used. Since approximately 
340 revolutions of the star in its orbit occurred between the first 
and last observations it seemed needless to endeavor to correct 


the period, and therefore the value given above has been taken as 
final. 
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With preliminary elements derived by Russell’s method, an 
ephemeris was computed and the residuals (O—-C) derived. The 
spectrum is of Class F1, with only one set of lines which at best 
yields a velocity of only fair precision and which varies so in quality 


TABLE II 


OBSERVATIONS OF Boss 2227 











Plate No. Date G.M.T. | Phase Weight Velocity O-C 
| 

km/sec. km/sec. 

y 8860...... 1919 Nov. 12 oh 43™ 04062 0.75 + 52.2 4.9 
QIOO. «..... 1920 Apr. 4 re 33 0.870 0.75 + 92.6|— 1.8 
ae Oct. 26 °o 19 0.501 I.00 + 54.6 29 
ae 29 © 24 0.380 0.75 + 42.4] — 3-9 

a ae Nov. 1 © 40 0.262 0.75 + 41.8/ + 1.3 
a... re 2 oO 13 1.246 I.00 + 90.6 | — 1.2 
2 er 20 © 36 ©. 5006 ©.50 + 55.0] — 2.8 
ee 20 23 58 1.479 0.75 + 60.3 3.6 
oe 21 22 47 0.867 1.00 + 92.8 | — 1.4 
Oy 23 I 06 ©.401 0.50 + 53.7| + 5.8 

a Se 24 1 28 1.410 1.00 + 70.9 | — 0.8 
¥ @9800...... Dec. 22 22 55 0.614 1.00 + 72.1 | + 2.4 
ae 1921. Feb. 15 16 47 0.653 0.50 + 84.0] + 9.9 
ae 17 I5 22 1.031 0.75 + 99.9 | — 0.7 
Se 21 18 20 0.466 o.75 + 54.1 | + 0.4 

C 8o7...... 22 18 29 1.473 1.00 + 63.5] — 1.2 
St Ws xc: 23 18 32 ©.gI0 1.00 + 98.0] + 1.2 
ee 25 19 46 I.400 o.7% + 74.2] — 0.2 
90905. <<.6. Mar. 16 | 14 50 1.439 1.00 | + 74.4] + 5.2 
O000...... 16 18 52 0.045 1.00 + 48.0] — 0.9 
70003. ..... 17 14 42 0.871 1.00 + 92.8 | — 1.6 
rn 19 15 42 1.349 0.75 + 80.6 | — 0.2 
T00K6...... 2 15 19 0.095 I.00 + 46.9 | + 1.8 
ee Apr. 17 16 25 0.682 0.50 + 77-31 tT 0.1 
10099...... 18 17 03 0.143 0.50 | + 33.9] — 8.0 
i ae 25 17 40 0.920 I.00 +104.4 | + 7.0 
i ee 28 17 04 0.768 0.75 + 75.0 | —II.0o 























from plate to plate that it has seemed advisable to assign weights 
to the measures of different plates. The best have been given 
weight unity and the rest weight 0.75 to 0.50, according to the 
inherent quality of the lines, or their quality as affected by photo- 
graphic density, focus, etc., or a combination of these circumstances. 
The twenty-seven observations were converted into seventeen 
normal places, assigned proper weights and then used to correct 
the preliminary elements by the method of least squares. With 
the elements thus corrected the quantity =v’ is about 75 per cent 
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of its value when derived with the preliminary elements. The 
residuals obtained by substitution of the unknowns in the equa- 
tions of condition agree satisfactorily with the residuals from an 
ephemeris based on the final elements. In Table III are to be 
found preliminary elements, corrections, final elements, and their 
probable errors. The probable error of a single observation of 
velocity of weight unity is + 2.64 km/sec. The absolute magni- 
tude (+ 3.6) is very nearly that of Class F stars of greatest frequency 
and is therefore typical. 
TABLE III 























Preliminary Elements Corrections Final Elements 

ie = ei re re 1.562975 days 
e 0.08 —0.029 O.051 .035 
w 119° +4°92 123.92 *34°4 

4 30.5 km/sec. —o.22 km/sec. 30.28 + 1.38 km/sec. 
T J.D. 2422650.073 © +o4009 2422650.082+ 04132 
¥ +71.7 km/sec. —o.40 km/sec. +71.3 km/sec. 
cae er a Bice as cements 650000 km 

m3 sin3 7 

(mpm)? st tne 0.0045 © 

BOSS 2447 


This was announced as a spectroscopic binary in a list pub- 
lished by Adams and Joy.’ The single set of lines appearing on its 
spectrograms, which show that its class is G2 and its absolute 
magnitude +4.1, is quite satisfactory for measurement on properly 
exposed plates. Table IV gives the data for the twenty-eight 
plates which have been obtained. With P=19.4589 days all 
observations arranged themselves satisfactorily within a single 
period and furnished the basis for the preliminary elements. Since 
the observations extend over an interval of approximately sixty 
revolutions of the star in its orbit, this period was taken as definitive. 
By the method of least squares the other five elements were cor- 
rected, equal weights being given to all of the twenty-seven plates 
which were used. Plate y 6662, whose residual stood out as the 
only large one, was arbitrarily rejected from the least-squares 
solution, and Plate y 9997 was obtained after the elements were 


t Publications of the Astronomical Society of the Pacific, 31, 41, 1919. 
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derived. Data for both plates are given in Table IV, however. 
The quantity 2pv* derived from the elements, corrected as indi- 
cated by the solution given above, is 18 per cent less than for the 
preliminary elements, and substitution of the unknowns into the 
equations of condition gave residuals comparable with those 


TABLE IV 


OBSERVATIONS OF Boss 2447 











l 

Plate No. Date | G.M.T. | Phase Velocity O-C 
km/sec. km/sec. 

A er 1917 Nov. 27 obor™ 91021 +21.6 + 1.5 
re 1918 Jan. 22 22 51 7.508 +29.1 + 3.8 
ee 30 22 19 15.574 + 4.3 +11.8 
ee Feb. 28 20 43 5.589 +29.0 — 1.4 
ene May 1 160 59 9.057 +20.2 + 0.3 
aa 30 16 43 18.5389 — 2.8 = 8.3 
C 260. .cccccect 2920 Apr. 3s I5 02 11.450 +11.4 + 1.8 
2 a ee 4 18 43 12.609 + 4.2 — 0.I 
350 5 17 00 13.537 — 1.6 — 1.8 

| : Sree 0) cs 32 14.409 —' <2 mm 3.9 
BIN scape teen's 7 17 04 15.540 — 3.5 + 4.9 
ENR Sse ae ecis May 6 I5 39 5-563 +31.7 + 1.2 
re 7 15 35 6.560 +30.4 + 2.0 
ee ks sacwes ‘| 15 35 6.560 +29.3 + 0.9 
VY G55 «<< 0002 cee June 4 10 10 15.130 — 6.7 — 0.5 
SS 6 15 58 17.017 10.1 — 1.2 
Pee oe 7 15 56 18.016 — 5.4 0.6 
NE a fey aiacecace Oct. 26 © 52 2.813 +24.0 — 3.9 
eee 29 I 03 5.821 +27.3 — 2.7 
Se Nov. 26 I 05 14.367 — 5.5 — 2.1 
oy. See 27 °O 53 15.359 — 8.6 — 1.8 

* se 1921 Jan. 28 20 14 0.326 + 8.2 — o.1 
me 290 22 31 1.414 +17.9 — 0.8 
“NSS ese 30 a9 33 2.422 +29.8 + 3.9 
er Feb. 20 16 36 3.716 +31.4 + 0.8 
ek ee 21 20 56 4.896 +34.5 + 3-3 
I o erdineraneers 22 17 10 5-739 +24.4 — 5-7 
Se 26 21 46 9.930 +I11.9 — 4.4 
ae Mar. 16 17 06 8.277 +19.2 — 3.7 




















* Not used in least-squares solution. 
t Poor plate. 
¢ This plate obtained after elements were derived. 


derived from an ephemeris calculated with the corrected elements, 
which are therefore adopted as final. The preliminary elements, 
corrections, final elements, and probable errors are given in 
Table V. The probable error of a single observation of velocity 
of weight unity is 1.74 km/sec. The barred circle in Figure 2 
represents the velocity from Plate y 9997. 
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TABLE V 











Preliminary Elements Corrections Final Elements 
ro ee eee eee deat oe 19.4589 days 
e . 200 + .006 0.206 .002 
w 248°5 +4°0o 252°5 +7°70 
K 20.5 km/sec.| —o.29 km/sec. 20.21 +0.49 km/sec. 
T J.D. 2422426.555 +0079 2422426.634+09384 
¥ +12.49 km/sec.| —o.16 km/sec. +12.3 km/sec. 
ome. Bice cceivnsnen 5295900 km 
m3 sins i 
(mtm)?= ——— s—i*id tt tt ne 0.0157 © 
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AN INVESTIGATION OF THE CONSTANCY IN WAVE- 
LENGTH OF THE ATMOSPHERIC AND 
SOLAR LINES" 
By CHARLES E. ST. JOHN axnp HAROLD D. BABCOCK 
ABSTRACT 


Constancy in wave-length of atmos pheric lines in the solar s pectrum.—In 1915 Perot 
reported having found the wave-length of an O line considerably longer at noon than 
at sunrise and sunset. Since these lines are constantly used as standards of wave- 
length in solar observations, a study of the wave-length as a function of the altitude of 
the sun was made for a number of atmospheric lines in the B group at \ 68067, in the 
a group at \ 6276, and in the water-vapor band near \ 5900. Measurements of 25 
plates show no indication of a variation greater than the accidental error. Moreover, 
spectrograms and data accumulated at Mount Wilson since 1911 give wave-lengths, 
some determined with reference to solar lines and some with reference to arc lines, 
which agree very closely, the difference from the general mean shown by any plate 
seldom exceeding 0.001 A. This negative result indicates the absence of high velocity 
radial currents in the earth’s atmos phere and justifies the use of atmospheric lines as 
a reliable standard of reference even in work requiring the highest precision. 

Constancy in wave-length of lines from the center of the solar disk.—While Evershed 
reported in 1919 remarkable variations amounting to several thousandths of an 
angstrom, the experience at Mount Wilson is that the more carefully the solar wave- 
lengths are compared with standard arc lines, the smaller the deviations from spectro- 
gram to spectrogram become. Evidence from 13 plates is presented. These results 
prove that the radial convection currents in the sun, while not absent, are remarkably 
constant, apparently downward at high levels and upward, but small, at low levels. 


In spectrographic observations on the solar spectrum for deter- 
mining wave-lengths and displacements of the Fraunhofer lines 
with high precision, a desideratum is some means of procuring a 
simultaneous comparison spectrum under the same conditions of 
illumination as those obtaining for the spectrum under investiga- 
tion. Provided their wave-lengths are constant, ideal conditions 
occur when atmospheric lines are used for reference in solar observa- 
tions, since in the instrument the path of the light is identical 
for both classes of lines. 

It has been generally assumed that under all practical condi- 
tions of solar observation the velocities of terrestrial atmospheric 
movements are of such an order that no measurable Doppler 
effect is produced. It would require motion in the line of sight of 
approximately 125 miles an hour to cause a displacement of 0.001 A 


™ Contributions from the Mount Wilson Observatory, No. 223. 
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at \ 6000. Some observations reported by Perot,’ however, give 
very remarkable and surprising results, and if confirmed would 
show that the atmospheric lines are not constant in wave-length 
and hence not reliable as standards of reference. He measured 
with an interferometer the wave-length of an oxygen line in the B 
group at different hours of the day and concluded that the wave- 
length increased from morning to noon and decreased from noon 
to evening. He interprets his results as showing a recession of 
the absorbing centers from the surface of the earth with a radial 
velocity of about 3 km per second. 

In view of the importance of the atmospheric lines in solar 
observations we have examined for change in wave-length during 
the day the atmospheric lines in three spectral regions, namely, 
in the B group at \ 6867, in the a group at \ 6276, and in the water- 
vapor band near \ 5900, and have supplemented these observa- 
tions from spectrograms taken for other purposes through a series 
of years. For much of the measurement and reduction we are 
under obligation to Miss Ware, Miss Miller, and Miss Keener. 

Oxygen lines in the B group.—On two occasions grating spectro- 
grams of the center of the sun were taken in the first order of the 
75-foot spectrograph of the 150-foot tower at intervals from sunrise 
to sunset. The wave-lengths of eight oxygen lines were obtained 
from solar lines whose wave-lengths were corrected for the earth’s 
motions. The statistical results are given in Table I. The lines 
are identified by their Rowland wave-lengths in the first and fourth 
columns and in the other columns are given the deviations from 
the mean for the hours of observation. In Figure 1A the average 
deviations from the general mean are plotted against the cor- 
responding altitudes of the sun. 

From our ‘nvestigation on solar wave-lengths in the inter- 
national system we extract the data given in Table II. These 
measurements were made during June, 1919, with the interferometer 
attached to the Snow telescope. Our unpublished international 
va'ues of solar lines were used as standards. The first column 
contains the preliminary wave-lengths in the international system 
of 28 oxygen lines in the B group. In the other columns are shown 


‘Comptes Rendus, 160, 549, 1915. 
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the deviations from the mean values for altitudes varying from 
12°50’ to 75°40’. The observed mean wave-length at the highest 
altitude is o.oo12 A less than the general mean. 

Oxygen lines of the a group.—On June 7 and 9, 1919, spectro- 
grams of the center of the sun were taken with the 75-foot spectro- 
graph at intervals from 6:00 A.M. to 6:00 P.M. Eight oxygen lines of 
the a group were measured in terms of solar standards. After cor- 
rection of the reference lines for the earth’s motions, the mean wave- 
length at noon exceeded the mean for the two lowest altitudes by 
0.0016 A. The numerical data are given in Table III; the relative 
results are plotted in Figure 1B against the hours of observation. 








+o.002A [ . 
= o 
Cs 2 Cc 
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+0.002 ‘ 
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—0.002 








10° 30° 50 70 9° 
Fic. 1.—A. Deviations of oxygen lines in B group from mean wave-length; for 
different altitudes of sun. 
B. Deviations of oxygen lines in a group from mean wave-length; at 
different hours of the day. Solar standards. 
C. Same as B, referred to absorption lines of iodine as standards. 


In order to eliminate solar standards and obtain an independent 
determination, spectrograms of sunlight filtered through iodine 
vapor were taken with an interferometer using two absorption 
lines of iodine as the fixed references. These observations were 
made in the Pasadena laboratory in April, 1919, with an etalon of 
20mm separation giving a mean order of interference of 63400 
for the eight measured oxygen lines of the a group. The devia- 
tions from the mean wave-length at the hours of observation are 
p'otted in Figure 1C. The wave-length at noon shows no deviation 
from the mean of the series. 
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TABLE II 


RELATIVE WAVE-LENGTHS OF OXYGEN LINES OF THE B Group AT DIFFERENT 
Hours OF THE Day. INTERFEROMETER SPECTROGRAMS 


(Unit for residuals=0.001 A) 


June 6, 15, 16, 1919, P.S.T. 

















LTA June 6 June 6 June 6 June 16 June 15 June 16 
eer 9:08 10:32 12:36 3:40 5:11 6:03 
Se ae —3 —I +1 +2 +3 —3 
ee +1 —3 —3 +3 ~ A SS occ 
oe) A ee —2 ° ° ° Te —2 
oe i | Se —2 +1 —3 —2 +5 ° 
a ee ° ° ° ° ‘+3 =. 
Oy 5 ee —2 +3 ° —2 —2 +1 
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a +2 +3 —3 2 —I —I0 
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a —2 ° ° +2 ee Fok ys sees 
es ee —6 +3 —3 2 SE Wess cd's 
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_ | eee —0.4 +1.1 —1.4 —0.5 +1.0 —2.9 
pee 50°40’ 67°20’ 75°40' 41°10’ 22°30’ 12°50’ 























From spectrograms and data accumulated since 1911, when the 
a band was first studied at Mount Wilson, a yearly record is avail- 
able. The results for eight lines are given in Table IV. The mean 
wave-lengths for the eleven-year period are in the first column and 
those for the separate years in the succeeding columns. ‘The mean 
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wave-length of the group is shown at the bottom of the table. 
The spectrograms were taken in various months, on various days, 
and at various hours. It would seem that frequently occurring 
disturbances should have been detected; but on none of the scores 
of spectrograms measured is there definite evidence of radial move- 
ments of the absorbing regions of the atmosphere. The difference 
from the general mean shown by any plate seldom exceeds 0.001 A." 


TABLE III 


Wave-LENGTHS OF OxYGEN LINES OF THE a GROUP AT DIFFERENT Hours 
OF THE Day. GRATING SPECTROGRAMS 


June 7-9, 1919, P.S.T. 











ALA June 7 June 7 June 7-9 June 9 June 9 
hid 6:00 g:00 12:00 2:50 6:00 
Oe ee -403 .402 .406 -404 - 403 
re .185 .186 .189 . 189 .186 
ee .962 -962 .966 .966 .963 
GOGO: 290... 4.056 wa . 229 . 230 . 232 . 230 . 229 
ae .185 .184 .188 .187 . 188 
WE a0 ae 55% .967 .968 .970 .Q97I .968 
6308 .000... <2 05 .006 006 .O10 .009 -O10 
ey .768 .769 772 770 -771 
BCR AEG 6.0/9 cw . 2131 . 2134 . 2166 .2158 . 2148 
No. of plates...... 2 I 3 2 4 
\ oo 12°30’ 49°10" 78°40" §1°20° 12°40’ 




















Water-va por lines near \ 5900.—To complete the investigation 
on atmospheric lines, grating spectrograms of the center of the 
sun’s disk were taken at high and low sun in the region of the rain- 
band near D, and D,. The results of the measures of eleven lines 
on twenty-four spectrograms are shown in Table V. Solar lines 
were used as standards. The mean wave-lengths in the inter- 
nat onal system are in the first column, weighted according to the 
number of exposures. For the eleven lines the wave-length at 
high sun exceeds the mean at low sun by o.oo1 A. 


* This confirms and extends in time other observations on the a group. Royds, 
Annual Report, Kodaikanal Observatory, 1917; St.-John and Babcock, Publications of 
the Astronomical Society of the Pacific, 31, 178, 1919. 
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TABLE V 


Wave-LENGTHS OF WATER-VAPOR LINES AT DIFFERENT Hours OF THE Day 
(March and June 1921) 














P.S.T. of Observation 
ATLA. 

7:03 I1r:40 3:16 5:40 
Do a .980 .983 .984 .980 
UE sis seis uve @aneenee . 226 .227 . 230 . 226 
i. ee 664 .668 .663 664 
Boe vxcacutiedneusas - 390 .405 -403 .402 
Ne sgn eae cand aed .998 .000 .004 .002 
MI shox ai cana come owae .998 -996 .004 -999 
Se ene .056 .059 -059 -057 
MI od cecscuwe cae .644 .647 . 646 .646 
a Se ere avg .275 . 278 .276 
III Sioa ove aha 6 aioe sina .096 .007 .098 .097 
EI NPS iin’. 5e 0's oo Win en hee . 788 . 788 . 788 788 
be |, ae . 466 .468 .469 .467 
Weis ccienres eves 16° 61° 35° 13° 

















When the observations on atmospheric lines at high sun are 
compared with the mean for all altitudes, the residuals, high sun 
minus mean, are as follows: 














— Chnarved High Sun Residuals 
Caen lenaenesk ened B group 78°10’ —o.0o10 A 
I cs seres wlaniw ho svatn ane ees B group 75 40 —0.0012 
errr re a group 78 30 +0.0016 
BE ia 5 xcs iso neisrnn inion Water-vapor 61 20 +0.0005 
| RE Rene eet eis, Se omatar bileme aye MMi ny tar: enn ©.0000 














We are unable to account for the wide divergence between 
our measures and those of Perot. Within the error of measure- 
ment our series of observations show no variation in the wave- 
lengths of the terrestrial lines with the altitude of the sun. It 
will be recalled that Dunér,' in his determination of solar rotation 
in 1887-1889, used the terrestrial line \46302.209 as a fixed point 
of reference, and in 1899-1901 the other component of the pair, 
6302.975. If the terrestrial atmosphere in the absorbing region 
is subject to radial velocities of 3 km per second his consistent 


t Uber die Rotation der Sonne, Upsala, 1906. 
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values are remarkable, particularly for the highest latitude where 
the observed rotational velocity was only 0.39 km per second. 
It must be admitted that radial velocities in the earth’s atmosphere 
of the order of 3 km per second, if they do occur, are extremely 
rare and very local. It seems to us more probable that a different 
interpretation should be sought for Perot’s observations. His 
interpretation requires for the absorbing centers a radial velocity 
of 6700 miles per hour. That such enormous radial velocities 
occur even in attenuated regions of the earth’s atmosphere is open 
to question, and it is more doubtful still that the radial component 
would remain constant for a month over a given locality. From 
our observations we feel justified in using the atmospheric lines as 
reliable standards of reference, even in work requiring the highest 
precision. 

On constancy of wave-length of solar lines.—Jewell' was the first 
to raise the question of variability in the wave-lengths of the solar 
lines. He says, 

Another effect of this investigation may be to make the lines of the solar 

spectrum step down from the commanding position which they have occupied, 
as standards of reference. 
At the period of Jewell’s investigation the instability of many lines 
in the arc spectra of metals had not been recognized. Moreover, 
the records of the spectrograms taken by Rowland and used by 
Jewell were not sufficiently detailed to determine corrections 
depending upon the earth’s motions. Under these conditions the 
conclusion reached by Jewell loses much of its weight. Evershed? 
reports that 


a continuous series of sunlight and Fe spectra was taken to test the constancy 
of the sun-arc displacement. Confining attention to the region 4337-4531 
and to lines not subject to pole-effect in the arc, it was found that some remark- 
able variations occurred amounting to several thousandths of an angstrom. 
The variations are of two kinds: a general change for all the lines in the region 
studied, and a change affecting particular lites or groups of lines. 

He says, 

These displacements may be observed at the center of the disk, but up to 
the present they have not been found very near the limb. It appears there- 
fore that, unlike the displacements in the penumbra of spots, they may be 

t Astrophysical Journal, 3, 113, 1896. 

2 Annual Report, Director, Kodaikanal and Madras Observatories, 1919, p. 2. 
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due to movements normal to the surface or having a component normal to 
the surface. 

At Mount Wilson it has been found that in the determination of 
solar wave-lengths from arc standards, the more carefully the iron 
arc is controlled, the more completely instrumental displacements 
are eliminated, the more accurately the image of the sun is centered,’ 
and the more exactly the axes of the light-cones incident upon the 
grating are made to coincide, the smaller the deviations from 
spectrogram to spectrogram become. 

A comparison of four observations with the grating spectro- 
graph from April to June, 1921, and the mean of measures in 1917 
for the 13 solar lines common to all plates gives for the fractional 
part of the mean wave-length the following: 














IQI7, 1921, 1921 1921 1921 
Mean April 21 April 29 May 1 June 1 
Lh. re \ 4337-A 4401 0.5545 0.5552 | 0.5550 | 0.5505 | 0.5554 





The three April-June observations for the other common lines also 
show good agreement in the fractional part. 











1921, April 21 April 29 May 1 








St a .. 4 4489-A 4607 0.5574 0.5504 0.5593 
fe rer A 4615-A 4688 ©. 3942 0.3041 ©. 3045 
GIRS ooo 3 chess ews \4707-A 4784 0.5217 0.5217 0.5216 





These wave-lengths are determined from the are standards, 
not by measuring the displacements between the center of the 
sun and arc, but by using the arc lines as standards of reference. 
Five interferometer spectrograms likewise referred to arc standards, 
taken on August 5, 1920, at intervals from 10:44 A.M. to 5 :03 P.M. 
P.S.T. and one taken a year later on August 8, 1921, give deviations 
from the mean of the six as follows for a group of 38 solar lines: 











August 5, 1920 August 8, 
192! 
10:44 2:34 3:30 | 4:22 5:03 4:50 
38 lines...) \ 5497-A 5862 .0000 |+ .00IT |-+.0003 |—.0020 +.0005 | .co0o0 A 





* Observatory, 43, 260, 1920. 
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The degree of constancy of the solar wave-lengths at the center 
of the sun shown by these determinations is further evidenced by 
considering the data in Table IV from this point of view. 

The wave-lengths of the oxygen lines in the table, except for 
the years 1920-1921, were referred to solar standards determined 
as above. In 1911, 1912, 1913, and 1919 the wave-lengths of the 
solar lines at the center of the disk were used. For the years 1920- 
1921 the oxygen lines were referred directly to the iron-arc stand- 
ards. This completes the cycle: arc-sun-atmospheric lines—arc. 
The closing of the cycle is practically perfect. Unless it is 
assumed that continuously compensating changes in the wave- 
lengths of the solar and terrestrial lines occur, the agreement 
between the first and last sections of Table IV may be taken as a 
measure of the constancy in wave-length of the atmospheric lines 
and of the solar lines at the center of the disk, and also of the 
accuracy of their determination in terms of the international 
iron-arc standards. In 1914-1918 the results are less dependable, 
as the measures were made upon spectrograms of the limb and it 
was necessary to apply a correction for the limb-center shift, a 
somewhat uncertain quantity for a single observation. From an 
extended series the mean limb-center shift for solar lines in this 
spectral region is 0.007 A with a range of 0.002 to 0.010 A. 

In view of the probable existence of radial convection currents 
on the sun the relative constancy of wave-length at the sun’s 
center is somewhat surprising. At any given level, the radial 
velocity appears to reach a comparatively steady state, differing 
from level to level and in widely different levels even opposite in 
direction. For the strong lines—high-level lines—the motion is 
apparently downward. The great intensity of these lines at high 
levels is probably dependent on the increased ionization under the 
low pressures at the high elevations.’ As yet too little is known of 
the ionizing potentials of the elements involved for a definite con- 
clusion. For very low-level lines the motion is small but upward. 
At both low and high levels we appear, however, to be dealing with 
remarkably steady states. In this regard there is a marked differ- 
ence between the center and the limb, the range of deviation from 


* Megh Nad Saha, Philosophical Magazine, 40, 472, 1920. 
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plate to plate at the limb being four- to five-fold that at the center. 
Though the causes of the motions in the solar and terrestrial atmos- 
pheres are different, there may be common characters in the general 
atmospheric movements due to the similar damping influences. 
In both cases centrifugal velocities are opposed by gravitation, very 
powerfully so in the sun, while tangential movements are damped 
by the smaller forces of friction. Thus through a kind of selective 
action the tangential components would tend to persist and the 
radial components to be quenched, so that in both the solar 
and terrestrial atmospheres the prevalent atmospheric flows 
would tend to be tangential. In the sun the opposing effects of light- 
pressure and gravitation may have influence in producing the 
steady state at any given level, the different levels of the absorbing 
centers being again a selective result as the equilibrium between 
light-pressure and gravitation depends upon the ratio between the 
mass and diameter of the centers. 

From these observations it is evident that differences between 
solar wave-lengths at the sun’s center and in terrestrial sources 
may be determined with an accuracy comparable to that for the 
terrestrial lines. Upon the magnitude of these differences, their 
variation over the solar disk, from element to element, from line 
to line, and from wave-length to wave-length, rests the possibility 
of disentangling the causes of the displacement of solar lines, a 
formidable but far from hopeless undertaking. 


Mount WILtson OBSERVATORY 
October 1921 








THE WAVE-LENGTH IN ASTRONOMICAL 
INTERFEROMETER MEASUREMENTS! 
By J. A. ANDERSON 
ABSTRACT 


Effective wave-length in measurements with astronomical interferometer —The 
separation of double stars and the diameters of stellar disks are measured by the 
interferometer in terms of an effective wave-length \ which is such that if the stellar 
object emitted monochromatic light of wave-length \ the setting of the interferometer 
would be that actually found. The accuracy of setting obtainable in these measure- 
ments is such that in each case \ should be known to a few tenths of 1 per cent. For 
any star, the normal effective wave-length may be computed from the effective tem- 
perature corresponding to its spectral type, by combining the Planck radiation law 
with the mean transmission curve for the atmosphere and with the A.LS. visibility- 
curve for the normal eye. The corrections required for variations of atmospheric 
absorption and of eye sensitivity from the assumed values may best be obtained 
experimentally by observations on sunlight, since in any case the correction is equal 
to the difference between the observed and computed effective wave-lengths for sun- 
light under the same conditions. The method and apparatus used in the determination 
of the effective wave-length for sunlight are described, and the results of some observa- 
tions on the variation of with zenith distance and atmospheric conditions are given. 
On Mount Wilson the values found vary from 5660 A at sunrise and sunset to 5510 A 
for zenith distances up to 60°; at Pasadena the variation with zenith angle was more 
rapid. The wave-length was greater on cloudy days and least after a rain. 

Astronomical interferometer —The distribution of intensity in the interference pat- 
terns, for both circular and rectangular apertures, is fully discussed, and in the 
particular case of a double star is given mathematically for all points of the focal 
plane, for all orientations of the apertures. The effect of the size of the apertures on 
the setting is nil when rotation is used and also when the setting is made for minimum 
visibility of the fringes; but when the apertures are separated until minimum intensity 
at the center is obtained, it is found both theoretically and experimentally that for 
apertures of width a and separation D, the effective separation is very closely equal 
to D/{1+K (a/D)?| for D/a greater than 3.5, where K is 0.223 instead of 0.765 as 
given by Hamy. 


The interferometer as used ‘n astronomical measurements 
consists of two apertures alike in shape and size, placed either in 
front of the objective or in the converging beam a short distance 
in front of the focal plane. The idea of using a telescope in this 
manner appears to have originated with Fizeau,’ and the first 
actual trials were made by Stephan. Michelson# carried both the 
theory and applications of the method considerably farther than 
his predecessors; he gave an analytical treatment for the case of 
a pair of narrow slits, and applied it to the determination of the 


Comptes Rendus, 66, 934, 1868. 3 Ibid., 78, 1008, 1874. 


4 Philosophical Magazine, 30, 1, 1890. 
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diameter of Jupiter’s satellites. Hamy‘ treated the case of narrow 
slits, and also that of rectangular apertures whose width cannot be 
neglected im comparison to their separation, and applied his results 
to a measurement of the diameter of Jupiter’s satellites and of 
some of the brighter asteroids. Comstock? used the method for 
a determination of the effective wave-length of star light. The 
work of the past two years is so recent that references to it need 
not be given here in detail. 

The purpose of the present paper is to call attention to the 
necessity of knowing quite accurately the effective wave-length 
of the source which is studied; to describe and illustrate a method 
for determining this quantity quickly and accurately; and to 
discuss in some detail the effect of using apertures of different 
shapes and sizes. 

Consider first the determination of the diameter of a star, 
assumed to appear as a uniformly luminous circular disk. If the 
apertures are narrow in comparison with their separation, the 
angular diameter is given by 

poke (2) 
where @ is the angular diameter, D the distance between the centers 
of the apertures corresponding to the first vanishing of the inter- 
ference fringes as the distance is increased, and \ the wave-length 
of light. The two quantities which determine 6 are \ and D. 
Experience indicates that the probable error in the determination 
of D under good conditions is of the order of 1 per cent; and accord- 
ingly if the uncertainty of the true value of \ exceeds a few tenths 
of 1 per cent, the probable error of 8 will be larger than that of D. 

Again, consider a double star whose angular separation is to 
be measured. This is given by 

nN 


a= 


2D 


where a is the angular separation, the other quantities being the 
same asin(1). In this case, under good conditions, the uncertainty 
in the value of D is considerably less than 1 per cent. 


(2) 


t Bulletin Astronomique, 16, 257, 1899. 
? Astrophysical Journal, 5, 26, 1897. 
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Other cases might be given, but always the quantity to be 
measured will be expressed in the form KX, where K is deter- 
mined by the actual observation, while \ in general must be found 
by some other means, and since \ is always a simple multiplier, 
it is necessary or at least desirable to know its value with a probable 
error considerably smaller than that involved in K. 

At present all observations with the interferometer are made 
visually, and hence the value of \ will fall somewhere near the 
middle of the visibility curve of the eye, at least for sources emitting 
white light; or, we may say that Xd will have a value lying some- 
where within the range 5400 A to 6000 A. It follows from what has 
just been said that, if possible, \ should be known for a given 
source within to A to 20 A. 

Definition of the effective visual wave-length.—a) Let an artificial 
double star be illuminated with the white light whose effective 
visual wave-length is required; let this double star be viewed with 
an interferometer, and the latter adjusted so that the interference 
fringes just disappear according to equation (2). Leaving the 
interferometer unchanged we now illuminate the double star with 
the monochromatic light whose known wave-length can be varied 
at will. The value of \ which just makes the fringes disappear is 
defined as the effective visual wave-length of the white source in 
question. 

b) Analytically* the definition may be given as follows: Take 
rectangular co-ordinates in the focal plane with the origin on the 
axis of the telescope. Let the geometrical images of the compo- 
nents of a double star fall at (+c,0) and(—c,o). Let the apertures 
be narrow slits separated by a distance D, and the focal length of 
the objective be F. 

If 7(\)dX be the visual effect of the radiation of the source 
lying between the limits \ and +d, the intensity along the 
x-axis is given by 


- atD(x—c), wD(x+c) 
J= {toa cos Pr + cos Pr (3) 


t This statement was first suggested to the writer in a letter from Dr. C. M. 
Sparrow. 
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When D is very small, J has a maximum at x=o. As D increases, 
J diminishes for «=o, reaching a value of zero when D is some- 
where near FX,/2c where X, is an arbitrary value of » near the 
middle of the range for which J(A) has an appreciable value. 
Both for D small and for D having a value near F),/2c, J oscillates 
as x is varied; but for a value of D in the neighborhood of FX,/4c, 
these oscillations become very small, and in particular at x=o, 
J(x) will have a stationary value for some particular value of D. 
The condition for this is 

oe =o; for x=0 (4) 

Solving (4) we have D=FXj/4c, where Xj is the effective visual 
wave-length required. 

For a source such as a given star, /(\) is defined as follows: 
Let E(A) represent the energy-curve of the star, as determined 
outside our atmosphere; let 7(A) be the transmission-curve of the 
atmosphere at the time and place of the observation; and let V(A) 
be the visibility-curve of the eye of the observer; then 


T(k)=E(A)T(A)V (A). 


Some questions now naturally arise, among which the following 
are important enough to state: 

1. If in (a), instead of using an artificial double star, we use 
an artificial star disk, would the same value of \ be obtained ? 

2. If the components of a double star are of different spectral 
types, or, what amounts to the same thing, if the effective wave- 
length of the components is not the same, what wave-length is to 
be used in calculating the angular separation from the data given 
by an observation with the interferometer ? 

3. In case of a star disk darkened toward the limb, if this dark- 
ening is accompanied by a color change, what value of X is to be 


used ? 

It is important to remember that when the observations are 
made visually, different observers will not in general find the same 
effective wave-length for a given source. In (b) above this is 
provided for by the factor V(X), which may differ slightly for differ- 
ent observers. In (a) it is automatically provided for by reason of 
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the fact that the same observer is supposed to make both the adjust- 
ments. Again, since 7(A) enters as a factor in J(A), an observer 
will not obtain the same value of \ for a given source under differ- 
ent conditions of observations as to time and place. 

Only a beginning has thus far been made in the application of 
the interferometer to astronomical measurements, and it is too 
early to predict what its future may be; yet it will undoubtedly 
be valuable in certain restricted fields; for example, in the direct 
determination of star diameters and in the measurement of very 
close double stars of particular types. No doubt it will be applied 
successfully also in other fields. Now, as has already been pointed 
out, the result of any interferometer measure’ will be expressed in 
the form 

6=Kv (5) 
where K is given by the observation, and \ depends upon the object 
observed. If X did not depend upon local conditions such as the 
observer, the time and place of the observation, and the instru- 
ments employed, the reduction would be a relatively simple matter; 
for this case the value of \ could be found, once and for all, for 
stars of all spectral types. It is clear, however, from what has 
already been said, that this may involve errors very much larger 
than the errors of observation. On the other hand, it will obviously 
be quite impracticable for each observer to determine independently 
the value of \ for every observation he makes. ‘The following plan 
will, it is hoped, remove most of the difficulties. We will leave 
out of account objects such as the planetary nebulae, that is, objects 
having discontinuous spectra, for in such cases there is no difficulty in 
determining the value of \ with sufficient accuracy. Consider then 
only objects like the great majority of the stars, having continuous 
spectra, more or less similar to spectra of black bodies at various 
temperatures. The fact that no star radiates exactly like a black 
body is of little importance, because the black-body temperature will 
be used merely as an auxilliary in the general scheme. ‘The black- 
body temperature of stars has been determined for all or nearly 
all the brighter stars, and these include nearly all of the spectral 
types that it will be necessary to consider. 


* The position-angle of a double star is an exception. 








WAVE-LENGTHS IN INTERFEROMETER MEASURES 53 


Using Planck’s law, the mean transmission-curve of the atmos- 
phere, and the adopted A./.S. visibility-curve of radiation, we 
may compute by equation (4) the value of \} for a few tempera- 
tures from 3000° to 20,000° absolute. A curve passed through the 
computed points will enable one to read off \} for any temperature 
within the range. The absolute value of the wave-lengths thus 
derived may not be correct, but this does not matter, for their 
relative values will be sensibly right. To illustrate the use of such 
a curve ‘n practice, suppose that an observer has made an inter- 
ferometer measure of a star of spectral type Fo; assume also that 
he has made a determination of the effective wave-length of sun- 
light by the method given later in this paper. From tables giving 
the effective temperatures of stars of different spectral types, he 
reads off the temperature for an Fo star and for a star of the same 
spectral type as the sun. Let these temperatures be, respectively, 
T, and T,. From the curve the corresponding wave-lengths are 
\, and A,. If now the measured wave-length of sunlight is \,, the 
proper wave-length for the Fo star will be 


a =No+A,—A, (6) 


Of course, as the determination of \, is necessarily made in 
daytime while the observation of the star is made at night, it is 
probable that the atmospheric conditions will have changed in the 
interval. But as different determinations of \, will soon show about 
what correction is required for variations in observing conditions, 
this difficulty is not very serious. 

Experimental determination of effective wave-length.—In Figure 1 
let A be an artificial double star, consisting of two small pinholes 


A ro] 
aw 


—— f— = ‘ aoe — ——- t-4- 


Fic. 1 











whose linear separation is 6, illuminated by white light such as 
sunlight. At B are two circular apertures separated by the dis- 
tance D, so mounted that they can be rotated about the axis of 
the telescope C. Observations are made through the compound 
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microscope M. The distance A to B will be denoted by L. The 
angular separation of the pinholes as viewed from B is 6/L. The 
value of D for the first disappearance of the interference fringes, 
if the line joining the pinholes is parallel to that joining the apertures 
at B, is, by equation (2), 


or, if the two lines make an angle @ with each other, 


6 Xr . 
L 2D cosé (7) 

All the quantities in the equation except \ are d rectly measur- 
able, and hence A can be determined. 

In order to form some idea of the accuracy to be expected in 
this determination, we will now examine in detail the measurement 
of each of the quantities entering into equation (7) 

In the present experiments 6 was of the order of 0.6 mm. ‘The 
two pinholes were made in tinfoil, as follows: A fine needle was 
selected and mounted in a mechanics’ pin-chuck. A small piece 
of tinfoil was smoothed out on a flat, smooth piece 0° soft metal 
such as brass or aluminum. A small round hole was made by 
resting the needle point on the tinfoil, the needle and chuck 
being vertical, and then carefully turning the chuck a few times. 
By always taking care to have the pressure about the same, holes 
of very nearly the same diameter may be made, and if care is used 
in rotating the chuck and in lifting the needle after the operation, 
the holes will be quite perfectly round. The diameter of the pin- 
holes used was between 0.035 and 0.050 mm. Under a microscope 
the distance between such a pair of openings can be determined 
with a probable error of about 0.0002 mm. Since 6 is about 0.6 mm, 
this corresponds to a probable error of the order of 1 in 3000. 
Before measurement the tinfoil is mounted on a metal plate through 
which a hole about 2 mm in d’ameter has been drilled, the apertures 
in the tinfoil being directly over this hole. 

Two sources of error are to be noted in using such an arrange- 
ment as an artificial double star: 
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1. The plane of the apertures will not in general be exactly 
perpendicular to the line of sight from the observing telescope, but 
will make an angle ¢ with this line. The apparent separation will 
then be not 6 but 6 sing. With ordinary care in mounting the 
tinfoil and adjusting the plate, @ should not differ from 90° more 
than a degree, which would at most cause an error of 15 parts 
in 100,000, which is negligible. 

2. When an image of the sun is formed on the apertures, the 
tinfoil becomes heated somewhat, causing 6 to increase. The 
rise in temperature to be expected may be roughly estimated. 
The image-forming lens has an area of 16 cm’, and its focal length 
was 1 meter, so the diameter of the image was roughly 1 cm. Of 
this ,'s fell on the tinfoil, which is equal to the amount of sunlight 
falling on 3$ cm’, or 1 calorie per minute. Assuming that the tin- 
foil reflects 80 per cent of this, we have } calorie per minute taken 
up by the tinfoil or 0.003 calorie per second. When equilibrium 
is established, the greater part of this energy passes by conduc- 
tion from the tinfoil to the brass plate, which is so large that 
its temperature never rose appreciably above room temperature. 
A temperature gradient of 3° per centimeter in the tinfoil would 
more than suffice to carry this amount of energy to the brass 
plate—and hence we may conclude that, within a very few de- 
grees, the tinfoil was always at room temperature, and that the 
error due to thermal expansion was less than 1 in 10,000, which 
is negligible. 

The value of D was usually between 6 and 7mm. The aper- 
tures were round holes made with a drill in a brass plate; they were 
always sensibly equal in diameter, and the determination of their 
distance apart could always be made with an error less than 1 part 
in 5000. Various diameters were used, from about 1 mm up to 
2.5mm. ‘The effect of using apertures of different sizes will be 
discussed more fully below. 

The value of L was about goo centimeters, and with a good 
steel tape this distance could always be measured to a millimeter. 

It follows that, as far as the quantities 6, D, and L are concerned, 
the sum of the errors made in their evaluation should never affect 
the result by as much as 1 part in 1000; and, since the wave- 
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length of the light used was near 5500 A, the uncertainty arising 
from the instrumental constants is not more than 5 A. 

It remains now to discuss the value of 6, which is the only quan- 
tity directly measured in an actual experiment. In order to make 
the discussion of @ intelligible it is necessary to describe and explain 
the appearance of the diffraction pattern and its system of inter- 
ference fringes in some detail. 

Consider the distribution of intensity in the focal plane, due to 
a single distant point source, when the objective is covered by a 
screen perforated by a single circular aperture of radius. Denote 
the focal length by F, and let the origin of rectangular co-ordinates 
coincide with the optical axis. The intensity is given by 


2mrV x*+¥" 


4J? - 
re a. (8) 
= very 
Ir 


where J, is a Bessel function of the first order. 

This well-known expression states that at x =o, y=o, the inten- 
sity is a maximum and equal to A; as we move away from the 
origin, the intensity diminishes at first very slowly, then more 
rapidly, and reaches a value zero, when the argument of J, is equal 
to about 219°33’. For larger values of the argument the in- 
tensity increases, reaching a second maximum whose value is 
0.0175 K near 292°, and a second zero value near 4o1°, etc. This 
is, of course, simply the ordinary diffraction pattern of a circular 
aperture, or the so-called spurious star disk. In ordinary telescopic 
observations with relatively large apertures the entire disk and 
diffraction rings are apparently very small; but in interferometer 
work, on account of the small apertures and the very high magni- 
fication employed, the pattern may cover the larger part of the 
field of view. 

The appearance is independent of the location of the aperture, 
as long as this falls entirely within the objective. Hence we will 
assume that it is placed so that its center is at a distance D/2 from 
the axis. Now let an equal aperture be uncovered, at the same 
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distance from, but on the other side of, the axis. This second 
aperture alone would give exactly the same intensity as the first, 
namely that expressed by equation (8); but if we use both apertures 
together, the result will be the sum, not of the intensities as given 
by (8), but of the amplitudes formed by taking the square root of 
the right-hand side of (8), with proper attention to the relative 
phases of the two disturbances. 

Let the apertures be so placed that the line joining their centers 
is parallel to the x-axis; in this case the amplitudes and phases 
will be equal at x=1. At x=+F/2D the phases will differ by 
180°, and since the amplitudes are equal, the resultant amplitude 
is zero. At x=+F)/D, the phases differ by 360°, that is, they 
are in phase, and the amplitude will be the sum of the two, 
and so on. 

It follows that the resultant intensity is now given by 





amr e+ y? 
4Ji — 


Fr aDx 
I=I, cos? — 
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J, being the intensity at the origin. 

Hence the general outline of the pattern is the same as that 
given by a single aperture; we still have the central disk surrounded 
by diffraction rings; but the effect of using two apertures is to 
break up the disk and rings into a series of equally spaced inter- 
ference fringes parallel to the y-axis—that is, perpendicular to the 
line joining the apertures. Along a line parallel to the y-axis the 
distribution of relative intensity is exactly the same as that in the 
pattern given by a single aperture; parallel to the x-axis we have 
this intensity multiplied by the factor cos’? rDx/FX. 

Figure 2 gives a graphical representation of the intensity along 
the x-axis. The dotted curve is the intensity due to a single 
aperture, multiplied by the factor 4. 

If we retain the apertures, but use two point-sources separated 
by an angular distance a, there will be two such patterns, whose 
centers are separated by the distance 2c=Fa. If the centers fall 
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at (—c, 0) and (+c, 0), respectively, the expression for the inten- 
sity becomes 








,( 2mrV (x—c)?+y? 
er - ( aN ) rD(x—0) 
" 2mrv (x—c)?+¥?)\? Id 
( Fro 
pO Stee) 
“ Fr eas aD(x+c) (10) 
= ——e Fr 
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If the line joining the apertures makes an angle 6 with the x-axis, 
then, letting m=tan @, the expression for the intensity will be that 
given by equation (10), except that we write x+my instead of «x in 
the cosine factors. Figure 3 is a sketch showing the pattern for 
such a double point-source, the line joining the apertures making 
the angle @ with x-axis. The centers of the patterns are at P and 
P’ respectively; the pattern centered at P’ is shown in dotted 
lines. The straight lines represent the centers of the bright fringes, 
AA being the central fringe for P’, A’A’ that for P’. The angle 6 
has been so chosen that the fringes due to P’ are just mid- 
way between those due to P. If @ is diminished, the similarly 
lettered fringes will approach each other and the visibility will be 
increased; and similarly, if @ is increased, AA will approach B’B’, 
etc., and the visibility will again increase. The position repre- 
sented is that of minimum visibility. 

Remembering that the intensity in a pattern diminishes from 
the center outward, it is clear that at all points on the y-axis the 
intensity of one pattern is the same as that of the other, except 
for the changes due to the interference, and since the maxima in one 
pattern fall on the minima of the other, the result is very nearly 
uniform intensity along this line. To the right of the y-axis the 
intensity of P’ is greater than that of P, and hence the maxima of 
the P’ pattern become more and more prominent as we go to the 
right. To the left of the y-axis the P pattern is stronger and hence 
its maxima become increasingly prominent in this direction. The 
observer will therefore see two sets of fringes meeting just out of 
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step near and along the y-axis. (a) If @ is decreased a certain 
amount, so that the distance between AA and A’A’ becomes 
smaller than the adjacent intervals, the corresponding bright 
fringe will start at A’ on the right and run in a sensibly straight 
line to A on the left, crossing the y-axis exactly at the origin. 
(6) If @ is increased, we shall have a dark fringe running from A on 
the right in a nearly straight line to A’ on the left, also crossing the 
y-axis at the origin. The change in @ necessary to pass from 
condition (a) to condition (6) depends upon the number of fringes 
in the pattern as here represented, being the smaller, the larger the 
number of fringes. For a case such as that in Figure 3, with 6 
fringes across the central disk, the total required change in @ is 
about 5°. With 12 to 15 fringes it will be from 2° to 3°. It is 
evident, therefore, that «1 setting for the exact bisection can be 
made quite accurately—in general to a few tenths of a degree. 

We can now estimate the probable error in the determination 
of 6. In one rotation of the aperture plate there are four values 
of 6 which give the appearance just described, and a “‘set of observa- 
tions”? in the present experiments has consisted of five complete 
rotations. As a typical example we may take the measures made 
on Mount Wilson on June 18, 1921. Fourteen sets of observations 
were made of which only eleven were complete. The probable 
error of each set was calculated in the usual way, and the sum of 
these probable errors found to be 0°48, or an average of about 
0°035 for a set. Taking @=45°, the percentage error of cos@ is 
0.05 per cent or 1 part in 2000. 

Hence the experimental method should be capable of giving \ 
to at least 1 part in 1000, or to about 5 A. 

Effect of the size of the apertures —Hamy* derived a formula 
for the correction to be applied to observations made with apertures 
of finite width. The apertures were assumed to be rectangular, 
of width a and separation D: The source was assumed to be a 
uniformly luminous circular disk of angular diameter 8. The 
fringes will disappear near the center of the pattern when 

p=*-F 1+0.765( 4%)" io~we , 


t Bulletin Astronomique, 16, 257, 1899. 
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No other cases were treated. It would seem reasonable to assume, 
however, that if the source is a double star of angular separation a, 
the corresponding formula would be 


po} rto.769() 


< 


since the correction must depend upon some property of the observ- 
ing instrument. For circular apertures, a further modification 
would no doubt be required, and we may reasonably assume that 
this would be the substitution of a’/1.22 for a where a’ is the diam- 
eter of the circular aperture. 

Observations were made on the artificial double star with 
circular apertures of various sizes, using the method of rotating 
aperture plate. These gave the same value of @ for all sizes of 
apertures, well within the errors of observation, thus indicating 
that for this method of observing and with this kind of a source 
no correction whatever is required. ‘This result was so surprising 
that it seemed worth while to make a theoretical examination of 
the problem, using a method somewhat different from that 
employed by Hamy. 

The method adopted, while being very simple, has the advantage 
of giving a clear physical picture of the phenomenon so that the 
need for a correction, if required, is made evident. 

Let us consider rectangular apertures having a width a, and a 
length b, and let their centers be separated by a distance D. When 
the line joining the apertures is parallel to the x-axis the intensity 
in the focal plane due to a distant point-source is 


sin? —— sin? no 
S s 
; : Dx 
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If a double point-source is used, the angular separation being a, 
we have, writing 2c=Fa 
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If circular apertures of radius r be employed, we have equation (10) 
instead of the foregoing. 

These expressions hold for monochromatic light of wave- 
length A, and hence by definition (a) they are also valid for white 
light of visual effective wave-length . If we limit ourselves to 
the phenomena on the x-axis, which in no way restricts the 
generality of the treatment, we can place the factors involving y 
equal to 1 in equation (11) and write x for 1 x*+-y? in equation (10). 
Writing D/a=n, equation (12) may be put in the form 


—¢’ st+c’ 


sin? —— sin? — 
, cos? (s+c’) (12a) 


n inf ah D 
a= Con’ (s—< )+ 2 
=) 


aed 
) 
in which c’=7De/FX. 

When » is very large, the intensity near the center of the pattern 
is given very nearly, by 


I =I§} cos? (—c’)+ cos? (z+c’) t. 





=I, 








T=I, 


’ ee , ..% T 
The visibility will be zero when s—c’ =s+c —>, OF, wT , or, 
applied to equation (12), we find that for a small in comparison 
to D, the fringes will vanish when 

amDe_ 
Fr 2 

whence 2c=FX/2D, or, since 2c/F=a, 
mS 
2D 


which is the ordinary formula, equation (2). 


a 
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In order to form a clear idea of what happens when a is increased, 
let us refer to Figure 2, and for this purpose we will assume that the 


dotted curve represents 


instead of 


/ 


sin? — 
n 


z—c’\2 
n 


© 20x 
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7) 2 
es 


which really makes very little difference. 




















Fic. 2.—Dotted curve; y = ——~ (n=6) 


ge 
sin? 
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Full curve: y = ——— cos*x 


(r) 


With this understanding, we have then 2n-loops of the inscribed 
curve in the central loop of the dotted curve. If m is very large, 
or a very small, the loops of the inscribed curve near the origin all 
have very nearly the same height, the dotted curve approaching 
a straight line parallel to the x-axis, and the inscribed curve 
approaching a true cosine-square curve more and more closely as 
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n is increased. If, under these conditions, we superpose two 
patterns displaced in the x direction by one-quarter of a period, 
the maxima of one will fall upon the minima of the other, and the 
sum will be a constant, which leads directly to equation (2). 

When 1 is not large, the inscribed curve may be regarded as a 
distorted cosine-square curve, the distortion becoming more and 
more pronounced the more the dotted curve deviates from a 
straight line parallel to the axis. Since with white light the fringes 
are observable only near the center of the pattern, it follows that we 
need consider only the loops of the inscribed curve which are 
near the origin, and when is small we have to confine our atten- 
tion to the central fringe only, or to the portion of Figure 2 between 
the points P and Q. Let the ordinate at x=o be taken as unity, 
and expressing x in degrees, we have for the undistorted curve 
(n=) the value 0.500 at + 45° and the value o at go®°. For the 
distorted curve we have unity at «=o, and zero at go”, but a value 
less than 0.500 at 45°. Hence if we superpose two such curves, 
go° apart, there will be a minimum at 45°, or at the point midway 
between them, which will disappear only if their distance apart is 
made less than go°. This makes it clear why equation (2) requires 
modification for small values of m, at least if we regard only the 
center of the pattern. It is necessary to remember, however, that 
when the minimum at 45° for the superposed curves disappears, 
the minimum at 135° has been made more prominent, and accord- 
ingly the ‘‘correction”’ that we employ to remove the minimum 
at 45° is really somewhat too large. 

In order to calculate the angular displacement necessary to 
fill up the minimum at the center of the superposed curves, we 
need only equate the second derivative of (12) with respect to 
c, equate it to zero, and solve for c on the assumption that x=o. 
The factor in y is of course placed equal to unity. Table I gives 
the results of this calculation for a few values of n. 

Here we have written the formula applicable to double stars 


in the form N : 
D= oat + A) 


D 


2 
where K according to Hamy is 0.765( ) ‘ 
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Experimental verification of the results given in Table I.—In 
Table I we have applied Hamy’s formula to a case which was not 
considered in his investigation, namely that of double stars. The 
difference between our calculated values and those given by 




















TABLE I 
n c K (Calculated) K 7 ae s Ratio se 
oa) 452000 ° 7 en See ee 
II.5 44.9234 0.0017 0.00577 3-395 
5.75 44.6938 0.0068 0.02314 3-403 
4.60 44.5275 0.0106 0.03615 3.411 
3-45 44.1721 0.0187 0.00427 3-437 





Hamy’s formula as here applied is so great that it seemed worth 
while to test both the case of double stars and that of a star disk 
experimentally, to see if there is really any difference between the 
two. 

The experimental arrangement was as follows: A screen having 
a horizontal slot 2 mm in width was placed in front of the objective 
of the observing telescope. A plate was arranged to slide in a 
vertical direction directly in front of and in contact with this 
screen. This plate had two parallel slots 5 mm apart, each tapering 
from 3 mm in width at one end to 2} mm at the other end, the length 
being 55mm. ‘This arrangement provided two nearly rectangular 
openings in front of the objective, at a constant distance apart; by 
sliding the plate up and down the width of each opening could be 
varied continuously from } mm to 23 mm, or, what amounts to 
the same thing, could be varied from m= 2 tom =10 in a continu- 
ous manner. 

Observations were made both on an artificial double star, and 
on an artificial star disk. The disk was illuminated with approxi- 
mately monochromatic green light, in order to avoid the variations 
in color which are troublesome with white light, especially when 
the visibility of the fringes is low. 

The observations were made by finding the distance between 
the observing telescope and the source which gave the minimum 
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visibility for »=10, and also the distance at which the central 
minimum for 7=2 just vanished. Since the results were the same 
as far as the correction factor is concerned, whether a star disk 
or a double star was used, we will record only the observations 
made on the star disk: 

Wave-length of green light (mean) 5400 A. 

Diameter of artificial star disk (6) 0.650 mm. 

Distance between centers of rectangular apertures (D)=5.0 mm. 

Minimum visibility 7= 10, at 492 cm+2 cm. 

Minimum in central fringe just disappears (n= 2) at 478 cm+2 cm. 


Using L=Dé6/1.22 for the distance at which fringes should 
vanish with »=~ and substituting, we get L=493.3cm, which, 
considering the uncertainty in the value of \ used, is sufficiently near 


492 cm. 
From this we find an experimental value of K for n= 2, namely, 
492 493-3 
-—10r ~ —1, according to whether we use the observed or 
475 475 


calculated value of L,,. The first gives K =0.0293, the second 
K =0.0320, while by Hamy’s formula, which is strictly applicable to 
this case, A should equal 0.19125. An extrapolation of the values 
in Table I to n = 2 gives a value of K slightly larger than 0.03, which 
is in good agreement with the observations. We must conclude 
that the formula given by Hamy is incorrect, and that if the 
observations are made directly on the vanishing of the minimum 
in the central fringe, the values given in Table I are correct. It 
must be borne in mind, however, that if the observations are made 
simply on the minimum visibility of the pattern as a whole, which 
on account of seeing, will generally be the case in astronomical 
work, the simple formulae (1) and (2) are to be used without any 
corrections. It has already been shown (see p. 64) that, with the 
method of rotating apertures, no correction to the simple formula 


is required. 

Determination of the effective wave-length of sunlight—We will 
first consider some general questions which bear directly on the 
problem. It may be assumed that the quality of sunlight outside 
of our atmosphere is constant or very nearly so. In passing 
through the atmosphere it is modified by selective absorption and 
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scattering to an extent which depends both on the thickness of the 
air layer and upon its character, such as water-vapor content, 
smoke, haze, etc. Most of these factors will reduce the intensity 
of the short wave-lengths more than that of the red end of the 
spectrum. Water-vapor is, however, an exception. It is very 
transparent to the short wave-lengths, while absorption begins some- 
what below 6000 A and increases rapidly toward the red. Since 
its absorption lies almost entirely on the red side of the maximum 
of the sensitivity curve of the human eye, it appears that the 
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Fic. 3.—Pattern for double star 


effect of water-vapor by itself is to move the value of the effective 
wave-length toward the violet. Dust, smoke, haze, and increased 
thickness of the atmosphere due to large zenith distances might be 
expected to shift the wave-length to the red. A priori, then, a 
given observer would not expect to find a constant value for the 
wave-length. 

A pparatus.—Figure 1 gives a schematic diagram of the appa- 
ratus, and Figure 4 is a drawing of the observing telescope and 
aperture plate. The lens C is a theodolite objective of 22 mm 
aperture and of about 20cm focus. The miscroscope consists of 
an 8-mm objective and a 7.5-power eyepiece, giving a linear 
magnification of about 125. The circle B is graduated in degrees 
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and can be read easily to o°1. It carries the aperture plate AA, 
and is rotated by a worm DW, so arranged that one revolution of 
the worm gives a rotation of 10°. The whole instrument is mounted 
on a solid brass base plate, A, which is easily clamped to a table 
or other convenient support. The slot S was designed to hold a 
plane parallel quartz plate, cut at 45° to the optic axis. Viewed 
through this plate, a single distant pinhole appears as an artificial 
double star, whose angular separation depends only on the thick- 
ness of the quartz plate. A slight difficulty arises in the use of 
such a quartz plate, on account of the fact that one of the emergent 
beams of light is colored, due to the dispersion of the quartz. A 
great deal of time was spent in the calibration of the plate by the 














Fic. 4.—Laboratory apparatus 


a. Side view. b. End view 

use of monochromatic light, and a few observations were made 
using it in conjunction with the 1oo-inch Hooker telescope on some 
of the brighter stars, but the results were not entirely satisfactory. 
When the quartz plate is not used the slot S is covered by a suitable 
cap. In the determination of the wave-length of sunlight the 
source was always a pair of pinholes made and mounted as described 
above; the sunlight was reflected into the quartz projection lens 
L, Figure 1, by a two-mirror coelostat, the mirrors being freshly 
silvered and polished every two or three weeks. 

In Tables II and III are collected the observations which have 
been made with the apparatus shown in Figure 4. Table II gives 
the observations made on Mount Wilson, June 15 to June 18, while 
in Table III are collected all the miscellaneous observations made 
under all sorts of conditions of sky in Pasadena. The first two 
columns give the date and hour of the observation. Since each 
complete observation required about -10 minutes, the time given 
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refers to the middle of the observation. The third column gives 
the zenith distance of the sun to the nearest degree at the time. 
The fourth column gives the number of settings in each determina- 
tion, which was always 20, excepting for the first observation on 
Mount Wilson which was stopped by fog, and for the three early 
observations on June 18, when the available time did not permit a 
complete set. The only observations calling for special comment 
are those of April 5 and 6 in Pasadena. ‘These were made immedi- 
ately after a rain, and the abnormally low value for the wave-length 
may be due to a relatively large amount of water-vapor; this, as 
mentioned above, would tend to displace the effective wave-length 


to the violet. 
TABLE II 


Mount WILSON OBSERVATIONS 


| : | | 





Date | Mean Time c Pa od r Remarks 
June 15.....] 8:35 A.M.] 45° | 16 | (5546) | Incomplete. Fog blowing over. 
| | Image drifting badly. 
June 16.....| 5:14A.mM.] 85 | 20 5631 | 
June 16.....| 5:46AM. | 79 | an eo, 
June 16.. | 6:35AM.| 69 | 20 | 5542 | 
June 16.. -+| 7:53 AM. os | «a (5535) | Fog coming over. Foggy 
| | remainder of day. 
June 17. | 6:32AM. | 69 | 20 5554 
June 17. 7:52 A.M. 53 20 5515 | 
June 17. 8:34 A.M 45 | 20 | 5519 | Faint haze. 
June 17 g:18A.M./| 35 | 20 5519 | 
June 17 | 10:06 A.M. | 25 20 5520 
June 17 10:49 A.M. 17 a0 «| #§sts Clouded over at 11:00 A.M. 
June 17 4:50 P.M 65 | 20 | 5540 | Clouds. Haze as high as 
| mountaintops. Sky blue. 
June 17.....] 5:22 P.M. | 77 | go 5579 | Clouds. Haze as high as 
| | mountain tops. Sky blue. 
June 17.....| 6:13P.M.| 82 20 55900 | Throughverythinclouds. Haze. 
jane 17.....| 6:37P.m. | 86 | 20 5625 | Haze only. 
June 18.....] 4:58 A.M. | 87 | 8 5656 | Sky clear all day. 
June 18.....] 5:06AM. | 86 8 5629 Sky clear all day. 
June 18.....] 5:07 A.M. 85 8 5619 Sky clear all day. 
patie £5.....] S2t7 AM. 83 20 5593 
June 18.....| 5:47 A.M. 78 20 5501 
June 18.....| 6:12 A.M. 73 20 5546 
June 18.....| 6:44 A.M. 67 20 5528 
June 18.....] 7:43 A.M. 55 20 5523 
June 18.....] 8:12AM. |] 48 20 5512 
June 18.....] 9:10 A.M. 37 20 «| =«5512 
June 18.....| 10:11 A.M. 25 20 5515 
June 18.....] 10:56 A.M. 17 20 5513 
June 18.....] 11:20 A.M. 14 20 5510 
June 18.....| 11:58 A.M. II 20 5509 
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Date Mean Time t i r Remarks 

March 27...| 10:11 A.M. | 40 20 5537 

March 27. | 11:41 A.M. 2 20 5521 

March 28...} 9:05AM. | 48 20 5568 

March 28...) 9:57 A.M. 2 20 5531 

March 28...| 11:03 A.M. | 34 20 5515 

March 28... .| 2:03 P.M. 2 2 5555 

March 29...| 9: I9 A.M. | 48 20 5556 

March 29...| 9:50 A.M. 2 20 5542 

March 29...| 10:29 A.M. | 36 20 5522 

March 29...| 11:30A.M. | 31 20 5525 

March 29...} I:10A.M.| 36 20 5559 | Sky very thick. 

March 30...| 8:30A.M.| 56 20 5562 Sky thick toward east. 

March 30. 9:10AM. | 40 20 5537 

March 30...) 9:40 A.M. | 45 20 5542 

March 30. 10:03 A.M. | 41 20 5547 

March 30. 10:27A.M.| 37 20 5528 Clearing rapidly. 

March 30...} 11:01 A.M. 33 20 5522 

March 30. 11:25 A.M. 31 20 5515 

March 30. 1:00 P.M. 34 20 5519 | 

March 30...] 1 30 P.M. 38 20 5522 | 

March 30 | 2:05 P.M. 43 20 | 5526 

March 30...| 2:50P.M.| 51 20 5526 | Cirrus developing rapidly. - 

April 2...] 10:10 A.M. 28 20 | 5553 Some fog. Light unsteady. 

April 2. 10:38 A.M. | 34 20 5547. | White sky, haze. 

April 2...| T27IO AM. | 3% 20 5524 | 

April 2. II:30A.M.| 30 20 5524 | 

April i.) S295 Be. oy 20 5527 

April 4...| 8:30 P.M. 55 20 5524 | Aftera rain. Cumulus clouds. 
Sky clear. Windy. 

April 4. 8:56 P.M. 50 20 5527 

April 4.. 0:48 P.M. 40 20 5524 

April 4...| 10:42 P.M. 34 20 5533 

April 4. 11:17 P.M. 31 20 5531 Observer P.W.M. 

April 5.. 9:10P.M. | 46 20 5517 Thin cirrus here and there. 

April §...| 10:t2PM. | 37 20 5494 | Through cirrus. 

April 5...) 11:13PM. | 30 20 5503 Clear. 

April 6.. 8:05 A.M. | 59 20 5515 Clear. 

April €. 0:46 A.M. 39 20 5513 Clear. 

April 6...| 11:22A.M.| 29 20 5506 Clear. 

June 21...| 8:50A.M.] 40 20 55600 | Haze obscuring mountains. 
White area around sun. 
Sky blue otherwise. 

June 2 9:26AM. |] 33 20 5545 

June I 10:12 A.M. 2 20 5533 

June E. 11:05 A.M. 14 20 5524 

June 21. 11:40 A.M. II 20 5522 




















Figure 5 gives a graphical representation of the Mount Wilson 


results. 


This shows that on clear days for purposes of inter- 


ferometer measurement the wave-length is sensibly constant if the 
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zenith distance is less than 60°, while for greater zenith distances 
it rises rapidly. The Pasadena observations in general show that 
for zenith distances less than 40° there is not much change in the 
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Fic. 5.—Mount Wilson observations 


June 16-18, 1921 


wave-length. For small zenith distances the Pasadena observa- 
tions indicate a value not far from 5520, while the Mount Wilson 
observations indicate 5510. The difference of 10 A, though perhaps 
real, is so small that it may be said to be negligible as far as 
ordinary astronomical interferometer work is concerned. 


Mount WILSON OBSERVATORY 
October 1921 
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MINOR CONTRIBUTIONS AND NOTES 
ON THE SYSTEM OF PROCYON 
ABSTRACT 

Radial and orbital velocities of the system of Procyon.—A series of forty-five plates 
made from 1908 to 1913 give for Vo, after correction for the orbital velocity, the value 
— 3.520.057 km/sec. Taking the parallax at 0’33 and the masses as 2.70 and 0.80, 
K comes out 0.60 km/sec. The sign of the inclination is assumed to be positive, but 
is not definitely known. In order that more accurate information as to the orbit may 
be obtained, it is hoped that other observatories will co-operate in measuring radial 
velocities during the next few years, since as favorable an opportunity will not occur 
again for thirty-nine years. 


The most recent orbit of this well-known and interesting binary 
is due to Lewis Boss" who gave the following elements of the orbit 
of the faint star about the brighter one: 


T= 1886.5 
P= 39¥%0 
Q= 150°7 
i= +14°2 
w= 36°8 
a= 405 
e= 0.324 


Aitken? gives the masses of the two stars in terms of the sun’s 
mass as m= 2.70, m’ =o.89. 

The following values of the parallax have been published: 
L. Boss' (adopted) 0733; Kapteyn and Weersma! 0”324; Adams,‘ 
spectroscopic, 07347; trigonometric, 0”309. There is considerable 
uncertainty in the foregoing elements owing to the difficulty of the 
observations and the short length of the arc described by the faint 
companion since its discovery by Schaeberle in 1896. 

As observations of radial velocity, if sufficiently numerous and 
differential, promise results of value, it is opportune at the present 
time to call attention to them and to invite the co-operation of 
other observatories in an attack on the problem of the spectro- 
scopic orbit. 

* Preliminary General Catalogue of 6188 Stars. 

2 Popular Astronomy, 18, 485, 1910. 3 Groningen Publications, 24. 

4 Astrophysical Journal, 53, 51, 1921. 
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Cape observations point to a + sign for the inclination; a series 
of plates taken during the next apparition, when the ascending 
node is being closely approached, will remove any doubts. 

Assuming the sign positive we have the following values for V, 
based on unpublished details of my measures made from 1908 


to 1913, viz.: 


























| 
' : r : eee Tr ras. | Correction for | , 
Mean Date Number of Plates | Radial Velocity | Orbital Velocity z Vo 
km km km 
1909.35... 13 —3.74 +0.19 3.55 
1910.73... 7 —3.74 “0.43 ee 
POTT.40... 12 3.51 +0.09 | —~2 42 
1912.49... 13 — 3.50 +0.04 — 2.82 
Means 1911.03... (45) —3.63 +o.11 | —3.52*0.057 





Adopting — 3.5 km/sec. as the value of V,, 0733 as the parallax, 


m 0.89 ‘ —— 
3; as , and the elements of Boss, the value of A becomes 
m+m 3.59 
0.60 km/sec. and the following radial velocities are calculated: 











Date i+ | i- Difference 
km km km 
1921.0. —2.87 4 13 +1.26 
1922.0 ; —2.79 +1.42 
a ore —2.75 me +1.50 
PE Bis otcnaw anne —2.74 | —4. 26 +1.52(max.) 





It is important to take the opportunity of observing the radial 
velocities at the approaching node, an opportunity which will not 
again occur for thirty-nine years, in order to obtain a more accurate 
value of K when the observations are combined with others made 
at the node due in 1938. During the next seventeen years the 
velocity-curve shows the most rapid variations in the radial veloc- 
ity. It is proposed to take three plates on each of seven nights 
for the determination of a normal place. Corrected for the solar 
motion, the system is approaching the sun with a velocity of 
19 km/sec. in a path inclined 14° to the line joining sun and star. 

JoserpH Lunt 


RoyAL OBSERVATORY 
Cape of Good Hope 
September 3, 1921 





